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ABSTRACT 

We present stellar population parameters of twelve elliptical and SO galaxies in the Coma 
Cluster around and including the cD galaxy NGC 4874, based on spectra obtained using the 
Low Resolution Imaging Spectrograph on the Keck II Telescope. Our data are among the 
most precise and accurate absorption-line strengths yet obtained for cluster galaxies, allow- 
ing us to examine in detail the zero-point and scatter in the stellar population properties of 
Coma Cluster early-type galaxies (ETGs). Recent observations of red-sequence galaxies in 
the high-redshift Universe and generic hierarchical galaxy-formation models lead to the fol- 
lowing expectations for the stellar populations of local ETGs. (1) In all environments, bigger 
ETGs should have older stellar populations than smaller ETGs ('downsizing'); (2) ETGs at 
fixed stellar mass form stars earlier and thus should have older stellar population ages in the 
highest-density environments than those in lower-density environments; and (3) the most- 
massive ETGs in the densest environments should have a small spread in stellar population 
ages. We find the following surprising results using our sample. (1) Our ETGs have single- 
stellar-population-equivalent (SSP-equivalent) ages of on average 5-8 Gyr with the models 
used here, with the oldest galaxies having SSP-equivalent ages of < 10 Gyr old. This average 
age is identical to the mean age of field ETGs. (2) The ETGs in our sample span a large range 
in velocity dispersion (mass) but are consistent with being drawn from a population with a sin- 
gle age. Specifically, ten of the twelve ETGs in our sample are consistent within their formal 
errors of having the same SSP-equivalent age, 5.2 ± 0.2 Gyr, over a factor of more than 750 
in mass. We therefore find no evidence for downsizing of the stellar populations of ETGs in 
the core of the Coma Cluster. We confirm the lack of a trend of SSP-equivalent age with mass 
in the core of the Coma Cluster from all other samples of Coma Cluster ETG absorption-line 
strengths available in the literature, but we do find from the largest samples that the dispersion 
in age increases with decreasing mass. These conclusions stand in stark contrast to the expec- 
tations from observations of high-redshift red-sequence galaxies and model predictions. We 
suggest that Coma Cluster ETGs may have formed the majority of their mass at high redshifts 
but suffered small but detectable star formation events at z « 0.1-0.3. In this case, previous 
detections of 'downsizing' from stellar populations of local ETGs may not reflect the same 
downsizing seen in lookback studies of RSGs, as the young ages of the local ETGs represent 
only a small fraction of their total masses. 

Key words: galaxies: stellar content - galaxies: ellipticals and lenticulars - galaxies: evolu- 
tion - galaxies: clusters: individual (Coma=Abell 1656) 



1 INTRODUCTION 
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Our understanding of the stellar populations of early-type galaxies 
- elliptical and SO galaxies, hereafter called ETGs - onc e thought to 
be simple, static, and old i Baade & Ga poschkin 1963), has under- 
gone a revolution in the past decades (cf. lRenzinil 2006 ; Fabe r et al.l 
I2007L for two different views of this revolution). We now under- 
stand that ETGs are a complex, mutable population of objects with 



2 S. C. Trager, S. M. Faber & A. Dressier 



a variety of stellar population histories. This revolution has arisen 
from many different, convergent lines of evidence: detailed studies 
of local ETGs, large-area surveys of the local and distant Universe, 
and semi-analytic and numerical simulations of galaxy formation. 

The recent explosion of data from large-area, high-quality 
galaxy surveys, from the lo cal Universe (e.g., t he Sloan Digital Sky 
Survev. lStrauss et al.l2002l and the 2dF Surve v JColless et al.l2001l) 
to z> 1 (e.g., COMBO-17:IWolf et al.ll2003l : DEEP -2:lDavis et al l 
2003T VVDS: iLe Fevre et al.ll2005l ; and COSMOS: IScoville et all 



2007), has allowed us to study the cosmic evolution of the star- 



formation and mass-accretion histories of galaxies. 

A fundamental discovery of these surveys has been that there 
exists a strong bi-m odality in the colour distribution of galaxies 
dStrateva et alj20o"lh . which take the form in the colour-magnitude 
or colour-mass diagrams as a 'red sequence' - a sequence because 
the distribution is narrow in colour - and a 'blue cloud' - a cloud 
because the colour dispersio n is large. This bi-modality persists out 
to z ~ 1.3 or beyond (e.gjBell et alJ|2004bl:IWeiner et alj[200l : 
IWillmer et ai]|2006t iBundv et alj|2006k ICooper et alj|2006l) Here- 
after, we call galaxies on the red-sequence RSGs (for 'red-sequence 
galaxies'). We want to impress upon the reader that these objects 
are d efined onl y by their red colours, not by their morphologies. 

Bell et all d2004bl) . using data from COMBO- 17, and 
iFaber et al.1 d2007lT using data from DEEP2, have analysed the 
colour-magnitude diagrams and luminosity functions of RSGs from 
z ~ 1 to the present and found that the stellar mass of galax- 
ies in this sequence has increased by a factor of 2-5 since z ~ 
1. This result has been confir med by many other a uthors using 
these and other surveys (e.g., Ferreras et al. 2005; Bundv et al. 
20061: ICimatti et alj |2051: ICooper et alj l2006UDbert et al.l 1200ft 
Zucca et al.l 2006; Br own et alj 12007). This growth in mass can 



arise from either the growth of mass of objects already on the red 
sequence and/or by the addition of once-blue ga laxies which have 
become red by c easing to form stars (see e.g.. iBell et al.1 [2004b; 
IFaber et al. 2007, for many references to past work relating to these 
ideas). 

This growth of stellar mass on the red-sequence is no t 
distributed uniformly along this sequ ence. IBundv et al.1 2006b . 
ICimatti. Daddi. & Renziml ilOOdt) , and iBrown et al] d2007l) have 
claimed that the luminosity density of the most-massive RSGs 
(galaxies with L > 4L* or M > 10 11 Mp) has not evol ved signif- 
icantly since z ~ 0.8 (although see IFaber et ai]|2007l) . At lower 
and lower masses, the red sequence is fully populated (compared 
with today's red sequence) as the Universe ages. This appears to 
be confirmed by the evolution of the Fundamental Plane (FP) of 
early-type galaxi es (ETGs), galax ies selected to have elliptical or 
SO morphologies iTreu et al.1 120051) find that massive ETGs appear 
on the FP first, followed by the later arrival of smaller ETGs. In 
the current work we call this process - the increasing appearance 
of lower-mass galaxies on the red-sequence (and its FP) with de- 
creasing redshift - 'downsizing' by analogy to the dec rease in spe- 
cific star formation rate with decreasing redshift (e.g., Cowie et all 



1996; Drorvetal. 2004; 
Zheng et al. 200^. 



Juneau et al. 2005; Noeske et al. 2007; 



The growth of stellar mass on the red sequence also de- 
pends on environment. The earliest observational evidence for 
the growth of the red sequence was the Butcher- Oemler effect 
(Butcher & Oemleil fl978l 1 19841) . the systematic increase of the 
fraction of blue galaxies relative to red g alaxies in r i ch cl usters 
with increas i ng red shift out to z ~ 0.5. Coop eret alj d2006l) and 
Bund v~e"t"afl d2006t) have shown that the speed of galaxies join- 
ing the red sequence is faster in higher density environments, so 



that at a given mass, red-sequence galaxies in denser environ- 
ments have ceased their star formation earlier - and thus have older 
stars - than those in less-dense environments. It is worth point- 
ing ou t her e that the DEEP2 sur vey, as noted by both lBundv et al.1 
(2006) and lCooper etafl [2006). contains no rich clusters, so the 
evolution of red-sequence galaxies in the densest environments 
have not been probed in the same way as 'field' galaxies, but FP 
studies have shown that ETGs in the densest environments have 
reached the FP more quickly than those in lower- density environ- 
ments (e.g., Geb hardtetai]|2003l :l Treu et al 1 I2005L although selec- 
tion effects and neglect of rotation may play a significan t role: 
Ivan der Wei et alj2004 Ivan der Marel & van Dokkumll 20071) . 

In order for a blue galaxy to become red, it must stop form- 
ing stars. This can be accomplished by consumption or removal of 
(cold) gas in the galaxy. Slow consu mption of gas can turn a blue, 
star-f orming disc galaxy into a red SO (Larson. Tinslev. & Caldwelll 
1980). Early-type disc galaxies like M31 are becoming RSGs (in 
fact, M31's bulge already i s an RSG, and i ts stellar population 
parameters are tabulated in lGonzalez|[T993l ; iTrager et al. 2000a) 
and perhaps even ETGs by moving t o ea rlier type i n the Hub- 
ble sequence. iRead & Trenthaml d2005l) and iBall et afl d2006l) have 
shown that more than half of ETGs at the knee of the galaxy lu- 
minosity function (i.e., at I/*) in SDSS are SOs. Perhaps many SOs 
were once st ar-formating disc ga l axies - an idea that dates back at 
least as far as lButcher & Oemlea dl978l) . if not earlier. 

If the removal of gas is rapid, we call the removal process 
'quenching' and say that the galaxy has 'quenched' its star form a- 
tion (this is the sense used by Fa ber et al.l2007l ; lBell et alj2004b1 re- 
fer to this as 'truncation'). Quenching can be the result of different 
processes: for example, the truncation of co ld flows onto galaxies 
in high-m ass halos (e.g. JCattaneo et al]|2006h . explicit AGN feed- 
back (e.g. JCroton et al.1 l2006h . or mergers that consume all the pro- 
genitor s' gas resevoirs in a large starburst (e.g.. lMihos & Hernquistl 
Il994al lbl): a more complete list can be found in lFaber et al.1 d2007l) . 
Unfortunately, quenching may be any and all of these things. We 
use 'quenching' in this paper to mean rapid cessation of star for- 
mation to distinguish it from more gradual gas consumption. 

A heuristic model in which blue galaxies 'quench', and thus 
end up on the red sequence, at an epoch that depends on mass 
and en vironment serves t o provide a frame work to explain these 
results dBell et alj|2004bl : IFaber et alj|2007l) . To be precise, if the 
quenching redshift of a galaxy increases with increasing mass 
and increasing environmental density, the observations described 
above are naturally explained. It is important to note however 
that the quenching time is not the stellar age of the galaxy (as 
will be shown in Sec. 15.11 below). In fact, the quenching time, 
the dominant star formation epoch, and the mass asse mbly epoch 
are likely to be different f or red-sequence galaxies (Fa ber et al.l 
120071 : |Pe Lucia et alj|2006h . A cle ar demonstration of this effect 
is given by |Pe Lucia et al.l 12006J), who follow the evolution of 
ETGs in the (to date) largest simulations of structure formation 
in the Universe. In these simulations, the most massive galaxies 
in the densest environments form their stars earlier, but assem- 
ble later, than lower-mass galaxies in lower-density environments. 
This is simply because the highest-density environments are at 
the sites of the highest-er fluctuations in the primordial density 
field, and therefore collapse first and merge mo re rapidly (see, e.g., 
iBlumenfhal et al.1 1 19841 : |Pe Lucia et alj 120061) : the stars in these 
dark matter haloes form early and quickly but assemble over a 
longer period as the haloes themselves accrete more (sub)haloes. 
Therefore, the most massive galaxies should have t he oldest stel- 
lar ages even though they assembled more recently dKavirai et al.1 
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l200dlFaberetaLll2007h : this is a generic prediction of all hierar- 
chical galaxy formation models. Note however that without some 
form of suppression of star formation (by whatever method), the 
galaxies in the most massive hal oes will continue to form stars for 
far to o long and will be too blue dCroton et al.l2006r . lDe Lucia ct al. 
l2006h - 

These results suggest three predictions for red-sequence 
galaxies in the local Universe: 

(i) In all environments, lower-mass galaxies form their stars 
later - or at least have a much larger dispersion in quenching red- 
shift - than more-massive galaxies in the same environment (down- 
sizing). In other words, the typical quenching redshift is higher in 
high-mass galaxies than in low-mass galaxies. 

(ii) Red-sequence galaxies of a given mass in the highest- 
density environments form their stars earlier and thus have older 
stars than galaxies of the same mass in lower-density environments. 
In other words, the quenching redshift is higher in high-density en- 
vironments than in low-density environments. 

(iii) The most-massive red-sequence galaxies in high-density 
environments should have a small spread in stellar population ages. 

In order to test these predictions for the stellar population of 
local RSGs using currently available data, we need to make a cru- 
cial assumption: that local RSGs are represented by ETGs, that 
is, galaxies that have been morphologically classified as ellipti- 
cal and SO galaxies. This is only required because local samples 
of galaxy absorption-line strengths are largely restricted to galax- 
ies selected (primarily) by morphology, w ith the notable exception 
of the NOAO Fun damental Plane Survey dSmith et alj|2004l2006l : 
iNelan et al.| [2005fl. That t his is a reasonable as sumption in the lo- 
cal Universe can be seen in lBlanton et al.l d2005h . who show that the 
local red sequence is dominated by gal axies with large S ersic index 
n. This is even true at z « 0.8, where [Bell et alj d2004al) find that 
85 per cent of red-sequence galaxies at this redshift are ETGs (but 
see Ivan der Wei et alj|2007|. who find a lower estimate of 62 per 
cent). On the other hand, Renzinil ( feOOfJ) states that 70 per cent of 
an ETG sample selected by M. Bernardi from the SDSS are RSGs, 
while only 58 per ce nt of RSGs are ETGs (see also the Appendix of 
iMitchell et alj|2005h . One should therefore keep in mind that red- 
sequence galaxies are not necessarily ETGs and that not all ETGs 
are red-sequence galaxies - as can be seen in £15.31 — but the dif- 
ferences ought to be small. With this assumption and its caveat in 
mind, we make three predictions for the stellar populations of local 
ETGs. 

Prediction (i): Lower-mass ETGs in all environments have 
younger stellar population ages than high-mass ETGs. Down- 
sizing of stellar population ages of ETGs appears to have been 
first suggested bv lTrager et al. l (|1993L althou gh hints of the effect 
were also briefly discussed by iGonzalezll 1 9931) . who examined the 
highest-q uality spectra of E TGs available in the Lick/IDS galaxy 
database (Trager et al. 1998) and found that low-cr (low-mass) el- 
liptical galaxies, in both the Virgo Cluster and the general field, 
have younger ages on average than high-a (high-mass) ellipticals. 
Giv en the large uncertai nties in the Lick/IDS galaxy line strengths 
(cf. iTrageretalJ koOOb), further probing of this result was diffi- 
cult from that sample. Suggestions of downsizing can be seen from 
the high-quality data in the small dataset of Paper II (Fig. 7a). 



1 We note that although it is possible to select true RSG samples from 
SDSS, to date only the line strengths of ETG samples drawn from SDSS 
have been studied, as far as we are aware (e.g jBernardi et alj2006l) . 



The clearest indi cations of downsizing in the stellar populations of 
ETGs come from lThomas et all J2005t) and from the NOAO Funda- 
menta l Plane Survey, as shown in lNelan et alj ( 120051) . iThomas et al.l 
d2005l) findt oc a ' 24 for high-density environmen t s and t oc a 32 
for low-density environments, while INelan et all d2005l) find the 
very strong re l ation t oc a 59 for their (high-density) sample. 
IClemens et al] {2006) find a somewhat more complicated pattern, 
with age increasing with a until the relation saturates at moderate 
a. These studies all point towards downsizing (as defined above) 
occurring in the stellar populations of ETGs in all environments. On 
the contrary, ISanchez-B lazquez et aD|2006c) in the Coma Cluster 
and lKelson et alj d2006t) in a cluster at z = 0.33 find no evidence 
for an age-a relation in ETGs using similar techniques, casting 
some doubt on the universality of downsizing, at least in ETGs with 
a > 125 kms -1 . We return this point in £15.31 

Prediction (ii): ETGs in high-dens ity environments are older 
than those in low-density environments. IThomas et al.l (2005) were 
the first to claim that galaxies in high-density environments are 
~ 2 Gyr ol der than those of the same mass in low-d ensity 
Bernardi et all d2006t). IClemens et ail d200rj) . and 



environments. 



ISanchez-Blazquez et a I] d2006ch have all claimed that field ETGs 
are on average 1-2 Gyr younger than clust er galaxies, as expect ed 
from recent galaxy formation models (e.g jDe Lucia et aU 2006). 

Prediction (iii): Massive ETGs in high-density environments 
have a small stellar population age spread compared with lower- 
mass ETGs and thos e in lower-density environments. Models (e.g., 
|Pe Lucia et alj200r3) imply that these galaxies should have formed 
their stars most quickly of all ETGs. It is unclear with the cur- 
rent samples if this is the case. iTrager et alj dlOOOb, hereafter Pa- 
per II) seem to see a hint of a smaller spread in the ages of the 
most-massive 'cluster' ellipticals (in that sample, 'cluster' refers 
to galaxies in the Fo rnax and Virgo Clusters). On the other hand, 
Thom as et al. |200f|) . who combined the Coma Cluster data of 
iMehlert et al.l (120 00. 2003) with cluster galaxies from iGonzalezl 
( 1993) and lBeuing et al.l ([20020 to create a hig h-density sample and 
used field galaxies from lGonzalezI d 19931) and lBeuing et al.ld2002h 
to create a low-density sample, find a smaller scatter in the ages of 
their high-density sample galaxies than in their low-density sample 
galaxies, although they do not report a narrowing of the age-cr rela- 
tion w ith increasing velocity dispersion a in their data. Nel an et all 
(2005) show a convincing narrowing of the age-a relation with in- 
creasing a in the NOAO Fundamental Plane Survey cluster galax- 
ies, but they do not present a comparison field sample. Further, it 
is not clear if the enhancement ratios of clus ter galaxies are con- 
vincingly higher tha n those of field galaxies dThomas et alj|200"5l 
iBernardi etal]|2006h . 

In the current paper, we test the predictions presented above 
for ETGs in the Coma Cluster. We present and analyse very high 
signal-to-noise spectra of twelve elliptical and SO galaxies in the 
centre of the Coma Cluster (Sj2j. We combine these data with high- 
quality data from the literature to explore the stellar populations of 
ETGs in the high-density environment of the Coma Cluster using 
newly-modified stellar population models and a new grid-inversion 
method described in Sj3] In ij4]we find (1) the mean single-stellar- 
population-equivalent (SSP-equivalent) age of Coma Cluster galax- 
ies in the LRIS sample is 5-7 Gyr, depending on calibration and 
emission-line fill-in correction, and (2) ten of the twelve ETGs 
in the LRIS sample are consistent with having the same age of 
5.2 ± 0.2 Gyr within their formal errors (ignoring systematic cali- 
bration, emission-line correction, and stellar-population modelling 
uncertainties, which amount to roughly 25 per cent). This age is 
identical within the formal errors of that of field ETGs (5.0 ± 0.1 
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Figure 1. Field around NGC 4874, with the positions of the slitlets overlaid. 
This is a 15 second 'white light' exposure taken with LRIS directly before 
the spectral data described in the text. North is at the top, and east is to the 
left. Seeing in this image is approximately f/.'S. 

Gyr). Futhermore, we see no evidence of downsizing in the LRIS 
sample, but the sample is admittedly very small. But we find no 
evidence of downsizing in any sample of ETGs i n the Coma Clus - 
ter except the red-sequence selected sample of iNelan et al.l J2005t) . 
which is likely to be due a difference in emission-line corrections 
of the Balmer lines. These results imply that predictions (i) and (ii) 
are violated in the stellar populations of ETGs in the Coma Clus- 
ter. Finally, we also find that the stellar population hyperplane - 
the Z-plane, a correlation between age, metallicity, and velocity 
dispersion; and the [E/Fej-g re lation, a correlation between log a 
and [E/Fe] dTrager et ai]|2000bl) - exists in the Coma Cluster. We 
discuss these results, their implications, and their connection to the 
formation of ETGs in general in §5\ In particular, we find that mod- 
els in which stars have formed continuously in the galaxies from 
high redshift and then recently quenched to be a poor explanation 
of our results, as such models violate the known fraction of red 
galaxies in intermediate-redshift clusters and the present-day mass- 
to-light ratios of our sample galaxies. Instead, models with small, 
recent bursts (or 'frostings') of star formation on top of massive, 
old populations are more tenable. We summarise our findings in 
Sj6] Finally, two appendixes discuss the calibration of the data and 
comparison of the LRIS data with literature data. 



2 DATA 

Our intent is to determine the stellar population parameters - ages, 
metallicities, and abundance ratios - of ETGs in the Coma clus- 
ter. For this purpose, we have observed twelve ETGs in the core of 
the Coma cluster and have also collected high-quality line-strength 
data from the literature. In this section, we discuss the acquisi- 
tion and reduction of Keck/LRIS spectroscopy, the derivation of 
systemic velocities and velocity dispersion, and the extraction of 
Lick/IDS line strengths. A full description of the calibration of the 
line strengths is deferred to Appendix lAl At the end of this section 
we briefly discuss data taken from the literature; a full compari- 
son with the LRIS data and presentation of the data is deferred to 
Appendix [B] 

2.1 LRIS spectroscopy 

The spectra wer e collected with t he Low-Resolution Imaging Spec- 
trograph (LRIS: IOkeetal.lll995h on the Keck II Telescope, which 
has a 7'. 7 long slit. We selected galaxies from Palomar Observa- 
tory Sky Surve}0 prints of the centre of the Coma Cluster. Galax- 
ies were determined to be morphologically ETGs by SMF directly 
from the plate material. Several multislit mask designs were gen- 
erated using software kindly provided by Dr. A. Phillips at Lick 
Observatory. The design that preserved the preferred east-west ori- 
entation of the slit (to minimise atmospheric refraction effects) and 
also maximised the number of ETGs along the slit length covered 
a region around the cD galaxy GMP 3329 (=NGC 4874). 

2 The National Geographic Society-Palomar Observatory Sky Atlas 
(POSS-I) was made by the California Institute of Technology with grants 
from the National Geographic Society. 
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Figure 2. Sloan Digital Sky Survey (SDSS) DR6 
I Adelman-McCarthv et al. 2007) colour-magnitude diagram of the 
central l?5-diameter region of the Coma Cluster. Large black circles are 
the LRIS sample of galaxies presented here; red circles are early-type 
galaxies with line strengths analysed in the current work from several 
different samples ( jjZ4) , some of which are outside the central region; 
black dots are galaxies with redshifts from DR6 placing them at the 
distance of the Coma Cluster; and small grey points are other galaxies 
in the same field without DR6 redshifts, assuming that they are also 
in the cluster. The dashed vertical line is the magnitude limit of SDSS 
spectroscop y; the dot-dashed green line demarcates the blue-red galaxy 
division of lBaldrv et a i] i2004l) : and the red solid line is a fit to the brighter 
(—23 < M r < — 18 mag), red, redshift-selected cluster members to guide 
the eye as to the location of the red sequence. 

Twelve ETGs with —22 < Mb j < — 16 (assuming a cluster 
velocity of czhei = 7007 kms~ 1 .lHudson et alj|200ll and Ho = 
72 km s~ 1 Mpc~ 1 . iFreedman et alj|200ll)~ were observed (Fig. [TJ 
Table[T]l. Eight objects are typed as 'SO', two ar e typed as 'E', an d 
one (GMP 3329=NGC 4874) is typed as 'D' bv lDresslen fl980bl) ; 
th e twelfth object, GMP 3565 , is typed as 'E/SO' by P. van Dokkum 
in Beiiersb ergen et ail J2002h . We therefore have observed an ETG 
sample, albeit one dominated by SO galaxie Q All of these galaxies 
lie on the cluster red sequence (Fig.|2j. 

Spectra were obtained in three consecutive 30-minute expo- 
sures on 1997 April 7 UT with the red side of LRIS (LRIS-B was 
not yet available), with seeing FWHM ~ 0'.'8 (as determined from 
the image in Fig. Q] taken directly before the spectrographic expo- 
sures), through clouds. A slit width of 1" was used in conjunction 
with the 600 line mm -1 grating blazed at 5000 A, giving a res- 
olution of 4.4 A FWHM (<r = 1.9 A, corresponding to a velocity 
dispersion resolution of a ~ 125 km s _1 ) and a wavelength cover- 
age of typically 3500-6000 A, depending on slit placement. Stellar 
spectra of five Lick/IDS standard G and K giant stars (HR 60 1 8, HR 
6770, HR 6872, HR 7429, and HR 7576) and four F9-G0 dwarfs 
(HD 157089, HD 1606 93, HR 5968, and HR 6458) also from the 
Lick/IDS stellar sample dWorthevetalJ 19941) were observed on the 

Note that the Coma Cluster is particularly rich in SO's lDressleJl9805) . 
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Table 1. Observed Coma galaxies 



GMP 


Other name 


RA 


DEC 


CZhel 


°"0 


log(r e /" 


) <M 


B 


B-R c 


Morph. 






(J2000.0) 


(km s _1 ) 


(km s _1 ) 




(r mag/D") 


(mag) 


(mag) 


type 


3254 


D127, RB042 


12:59:40.3 


+27:58:06 


7531 ± 2 


117 ± 3 


0.54 


20.20 


17.01 


1.36 


SO 


3269 


D128, RB040 


12:59:39.7 


+27:57:14 


8029 ± 2 


111 ± 4 


0.40 


19.30 


16.71 


1.31 


SO 


3291 


D154, RB038 


12:59:38.3 


+27:59:15 


6776 ± 2 


67 a ± 6 


1.08 


22.25 


16.77 


1.28 


SO 


3329 


NGC 4874 


12:59:35.9 


+27:57:33 


7176 ± 3 


270 ± 4 


1.85 


22.13 


13.48 


1.42 


D 


3352 


NGC 4872 


12:59:34.2 


+27:56:48 


7193 ± 2 


209 ± 3 


0.48 


18.53 


15.32 


1.38 


SB0 


3367 


NGC 4873 


12:59:32.7 


+27:59:01 


5789 ± 2 


179 ± 3 


0.87 


20.09 


15.12 


1.33 


SO 


3414 


NGC 4871 


12:59:30.0 


+27:57:22 


6729 ± 2 


164 ± 3 


0.92 


20.24 


15.02 


1.38 


SO 


3484 


D157, RB014 


12:59:25.5 


+27:58:23 


6112 ± 2 


115 ± 3 


0.49 


19.48 


16.43 


1.32 


so 


3534 


D158, RB007 


12:59:21.5 


+27:58:25 


6020 ± 2 


58 a ± 6 


0.64 b 


20.48 b 


17.25 


1.22 


SAO 


3565 




12:59:19.8 


+27:58:26 


7206 ± 3 


41 a ± 10 


0.60 b 


21.67 b 


18.32 


1.26 


E/S0 c 


3639 


NGC 4867 


12:59:15.2 


+27:58:16 


4786 ± 3 


224 ± 3 


0.49 


18.53 


15.10 


1.28 


E 


3664 


NGC 4864 


12:59:13.1 


+27:58:38 


6755 ± 2 


221 ± 3 


0.89 


19.78 


14.91 


1.42 


E 


Col. 1: 


Godwin etal J Jl983 


i) ID. Col. 2: 


other names 


(NGC, [Dressier 


1980bl and/or iRood & 


Baumlll967 ID). 


Cols. 3 and 4: Coordinates. Cols. 



Heliocentric velocity and velocity dispersion measur ed through synthesi s ed 2" 7-diameter circular aperture (see text). Cols. 7 and 8: Effective radius r e and 
mean surface brightne ss within r e in Gunn r fro m |j0rgensen &Franxl Jl994l) . except as noted. Cols. 9 and 10: B magnitude and B — R c colour from 
Eisenhardt et al 1 jlQOH) . Col. 11: Morphology from|Presslei Hl980bl) . except as noted. 

a Significantly below instrumental re solution limit; see i|2.2.1l 

Derived from images described in Beiiersbergen et al. 1 2002) using GALFIT IPeng et alj2002T) 
c Morphology from Beiiersbergen et al. 1 2 0021) 



same and subsequent nights through the LRIS 1" long slit using 
the same grating. However, the wavelength coverage of the stel- 
lar spectra was restricted to the region 3500-5530 A, preventing 
the calibration of indexes redder than Fe5406 present in the galaxy 
spectra (such as NaD). 

2.1.1 Data reduction 

The spectral data were reduced using a method th at combined 
the ge ometric rectification procedures described by Kelson et al. 
(2000) and the sky-subtraction methodology of iKelson] b003l) . 
Namely, after basic calibrations (overscan correction, bias removal, 
dark correction, and flat field correction), a mapping of the geomet- 
ric distortions and wavelength calibrations were made using a suite 
of Python sc r ipts w ritten by Dr. Kelson, following the precepts of 
I Kelson et alj (2000). Arc lamps were used for wavelength calibra- 
tion, which was adequate (but not perfect; see Appendix for 
wavelengths longer than 3900 A. No slits were tilted, so geometric 
rectification was generally simple. However, these mappings were 
not app l ied un til after the sky subtraction, for reasons detailed by 
I Kelson! d2003h . For nine of the galaxies, sky spectra were interpo- 
lated from the slit edges, as the galaxies did not fill the slitlets, 
using Python scripts written by Dr. Kelson implementing his sky- 
subtraction method. However, for NGC 4874, which did fill its slit- 
let, and for D 128 and NGC 4872, whose spectra were contaminated 
by that of NGC 4874, sky subtraction was performed first using the 
'sky' information at the edge of their slitlets and then corrected 
by comparing this sky spectrum to the average sky from all other 
slitlets. 

Extraction of one-dimensional spectra from the two- 
dimensional, sky-subtracted long-slit images involved a simultane- 
ous variance-weighted extraction of the objects in a central aper- 
ture from all th ree images w hile preserving the best possible spec- 
tral resolution i Kelson 2006). This involved using the geometric 
and wavelength mappings and interpolating the spectra to preserve 
the spectral resolution in the summed spectra. This extraction also 
serves as an excellent cosmic ray rejection scheme. Variance spec- 
tra were computed from the extracted signal and noise spectra. 



To understand the level of random errors, one-dimensional spec- 
tra were also extracted from each image separately (after a separate 
cosmic-ray cleaning step). 

Various apertures were used to extract the spectra: apertures 
with equivalent circular diameters of 2'.'0, 2'.' 7, 3'.'2, 3'.'4, 3'.' 6, 3'.' 8, 
4'.'5, and a 'physical' aperture of r e /2 diameter for all galaxies 
except GMP 3329 (=NGC 4874). For this galaxy, an aperture of 
r e /8 diameter was used due its large projected size (note that an 
aperture of r e /8 is too small to be extracted reliably for many of 
the galaxies in our sample: for example, r e /8 = 0'.'33 for GMP 
3534; Table[TJ. These circular-aperture-equivalent extraction aper- 
tures were chosen to match closely existing line-strength measure- 
ments of these galaxies in the literature (see Appendix [B}. We use 
only indexes from the 2'.'7-diameter aperture in the analysis in this 
study, however. At the distance of the Coma Cluster and assuming 
again Ho = 72 kms - Mpc -1 , this corresponds to a physical di- 
ameter of 637 pc. We note that the results given here do not change 
significantly when using the 'physical' r e /2 aperture instead of the 
2'.'7 aperture: for example, the mean ages of the LRIS galaxies (ig- 
noring GMP 3329) are (log*) = 0.69 ± 0.02 for the 2'.'7 aperture 
and (log t) = 0.67 ± 0.02 for the r e /2 aperture. When comparing 
other studies to ours in the analysis, we use available gradient infor- 
mation to transform their indexes to an equivalent circular aperture 
of the same diameter (2'.' 7), when possible. We postpone discussion 
of the gradients in our data to future work. 

To account for the transformation of the rectangular extrac- 
tion aperture to an equivalent circular aperture, the extracted spec- 
tra were weighted by \r Ar\, where r is the distance from the ob- 
ject centr e to the object r ow being extracted and Ar is the pixel 
width (cf. lGonza lez 1993). Note that the spectra were sub-sampled 
along the spatial direction during the extraction process to account 
for the geometric and wavelength distortions, so Ar was typically 
less than one in pixel space. The variance spectra were weighted by 
|r 2 Ar| in order to preserve the noise properties. 

In order to remove the instrumental response function from 
the galaxies, flux standard stars can be used to calibrate the object 
spectra onto a relative flux scale. As the spectra were taken through 
clouds, it is not possible to calibrate them to an absolute flux scale. 
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Figure 3. Spectra of Coma ETGs through a central aperture of diameter 
2'! 7. Each spectrum has been flux-calibrated and shifted to zero systemic 
velocity; no smoothing has been applied. The 'noise' around 5450 A is the 
result of imperfect subtraction of the extremely bright [Ol]A5577 night- 
sky line. The median S/N per 75 km s — 1 pixel in the observed wavelength 
range 4285-5200 A is given. See Fig. lAll for an expanded view in the rest- 
frame region 4800-5300 A. 



However, an absolute flux measurement is unnecessary when our 
purpose is to measure line-strength indexes, as these are relative 
measurements of the absorption line fluxes with respect to the level 
of the nea rby continuum. The flux standard star BD+33°2642 
was taken through both the longslit setup and slitless at 
different detector locations through the multislit setup to cover the 
full wavelength range. The extracted spectrum was first normalised 
by dividing by the median count level of the spectrum and then 
smoothed with a wavelet filter to derive a sensitivity curve for each 
observation of the flux s tandard. The flux-calibrated spectrum of 
BD+33°2642 from lokel Jl990h was also normalised and smoothed 
and then divided by the normalised, smoothed LRIS flux standard 
spectra to create a sensitivity spectrum JF( A) . The sensitivity curves 
derived from slitless spectra taken at the most extreme positions 
perpendicular to the slit direction (i.e., at the largest wavelength 
spread) were combined into a single sensitivity spectrum after flat 
fielding by joining them at a convenient matching point in order 
to derive a sensitivity curve for the multislit spectra (which cov- 
ered a larger wavelength span than the longslit spectra). The final 
fluxed spectra through the central 2'.' 7-diameter equivalent circular 
aperture of the twelve galaxies observed are shown in Figure[3] 



2.2 Velocities, velocity dispersions, and line strengths 

To test the predictions made in §1, we require both the stellar pop- 
ulation parameters of ETGs in the Coma cluster and their velocity 
dispersions. We measure line strengths of the g alaxies and com - 
pare them with stellar population models such as IWorthevI ( fl994h . 
Therefore we must know the systemic velocity of the object to place 
the bandpasses on the spectra properl y and we must know the ve- 
locity dispersion of the object (e.g.. I Gonzalez! fl993l ; iTrager et al.l 
1998) to place line strengths onto the Lick/IDS stellar system on 
which the models are defined (see i]2.3| and Appendix [At. 



2.2.1 Systemic velocities and velocity dispersions 

We begin with a discussion of the determinati on of systemic veloc- 
ities v and velocity dispersions a. Follow ing iKelson et al] (2000, 
and earlier work by iRix & White! 1 19921) . we first build a pixel- 
space model M of the galaxy spectrum G from a stellar or stel- 
lar population model template T convolved with a broadening 
function B(v,o): M = B(v,a) o T. In its simplest form, we 
want to minimise the residuals between the galaxy and model 
X 2 = \G - M| 2 = \G - B a T| 2 . However, as both noise and 
continuum mismatches (both multiplicative and additive) between 
the galaxy and model will be present in any practical situation, we 
instead write 




G 



Pm(B 



K 

>T)+Y*}Hj 



3=0 



x W 



(1) 



Here Pm is a multiplicative polynomial used to remove large- 
scale fluxing differences between the galaxy and template spec- 
tra (which here is not continuum-subtracted before fitting). In this 
study, we use a fourth-order Legendre polynomial for Pm to re- 
move the multiplicative continuum mismatch between the galaxy 
and template. The zeroth order term of Pm is equ ivalent to 7, 
the 'l ine strength parameter', found in the literature (Kels on et al.l 
2000). The additive continuum mismatch is controlled by the col- 
lection of sines and cosines Hj up to order K. This is effectively 
a low-pass filter used to minimise continuum mismatch. We use 
K — 1.5AA/100 A in the current study, where AA is the wave- 
length coverage (in the restframe) of the fitting region. W is the 
pixel-space weight vector, which can be a combination of the vari- 
ance spectrum and any masking of 'bad' regions (e.g., poorly- 
subtracted strong night sky lines) desired. ( Note that we ignor e 
the additive polynomial functions described bv lKelson et al.l 2000.) 
The coefficients of Pm and Hj as well as the desired quantities v 
and a are solved for in the fitting process, which is described in de- 
tail bv lKelson et al. Dr. Kelson has kindly provided us with 
LOSVD, a Python script that implements this algorithm. 

For ten galaxies, the Kl giant star HR 6018 proved to be the 
best velocity dispersion template, as judged by the reduced-;^ 2 of 
the fit. For the galaxies GMP 3534 and GMP 3565, the GO dwarf 
HR 64 58 provided a somewhat better fit. Tests using thefVazdekis 
( 1999) spectral models as templates suggest that the use of an well- 
matched template never changes the derived velocity dispersion by 
more than 2 per cent. This is negligible for our purposes of cor- 
recting the Lick/IDS line strengths onto the stellar system (below) 
or for determining correlations of velocity dispersion with stellar 
population parameters. We fit the galaxy spectra in the observed 
wavelength region 4285-5200 A (roughly 4180-5080 A in the rest 
frame, and therefore K = 13), which covers the strong G band fea- 
ture, H7, H/3, and many other weaker lines. We do not fit the MgH 
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and Mg I triplet region at 5 100-5300 A in the rest frame due to the 
strong but variable continuum depression from the dense forest of 
MgH lines. In all cases, the template stars were set to zero reces- 
sional velocity and derived velocities were corrected to heliocentric 
velocities. 

We note that for three galaxies, GMP 3291, GMP 3534, 
and GMP 3565, the measured velocity dispersions are signif- 
icantly below the resolution limit of ~ 125 km s -1 and thus 
may be significantly in error, even given the high signal-to-noise 
of the present spectra. Two of these galaxies, GMP 3534 and 
G MP 3565, were recen t ly ob served at ~ 35kms _1 resolution 
bv lMatkovic & Guzman! d2005h . and our measured velocity disper- 
sions match theirs within the la joint errors for each of these two 
objects. While this does not guarantee that our velocity dispersion 
measurement of GMP 3291 is correct, it does suggest that our mea- 
surement is not far from the true value (see Appendix [B] for more 
detailed comparisons). 

2.3 Line strengths on the Lick/IDS system 

Once the systemic velocity of the object is known, the bandpasses 
can be placed on the spectrum and line strengths can be measured. 
We give a brief description here and leave a detailed description for 
Appendix [A] 

First, a ny emission lines in the spectra are corrected using 
GANDALF dSarzi et al.ll2006h . These corrections only affect the 
Fe5015 indexes, as significant H/3 emission is not detected using 
this procedure in any galaxy, even though significant [Om] emis- 
sion is detected in ten of the twelve. We therefore use the uncor- 
rected H/3 strengths throughout this paper; we discuss this further 
in $4.2. II below. Then the spectra are smoo thed to the Lick/IDS 
resolu tion, which varies with wavelength l lWorthev & Ottavianil 
1997). Next, the wavelengths of the Lick/IDS index bandpasses are 
defined using a template star. These bandpasses are then shifted to 
match the velocity of each object. Corrections for non-zero velocity 
dispersion are made for each index of each galaxy. Stellar indexes 
are then co mpared to those of the same stars in the Lick/IDS stel- 
lar library (Wort hev et al J 19941) to determine the offsets required to 
bring each index onto the Lick/IDS system. 

The fully-corrected (emission-, Lick/IDS system-, and veloc- 
ity dispersion-corrected) line strengths for the 2'.' 7-diameter equiv- 
alent circular aperture are given in Table[2] We summarise this sub- 
section (and by extension Appendixes lAl and IB! by stating that the 
LRIS data are fully corrected and well-calibrated onto the Lick/IDS 
system for all indexes of interest to the current study. 



Table 3. Literature data sources of absorption-line strengths in the Coma 
Cluster on the Lick/IDS system 



Effective circular 



Reference Abbreviation aperture diameter 



Dressier (1984) 


D84 


4'.'5 


Fisher, Franx, & Illineworth (1995) 


FFI 


3'.'2 


Guzman et al. (1992) 


G92 


3'.' 8 


Hudson et al. (2001) 


H01 


2"7 


Jprgensen (1999) 


J99 


3'.'4 


Kuntschner et al. (2001) 


K01 


3'.'6 


Matkovic & Guzman (2005) 


MG05 


3'.'0 


Mehlert et al. (2000) 


MOO 


2"7 


Moore et al. (2002) 


M02 


2"7 


Nelan et al. (2005) 


NFPS 


2'.'0 


Poggianti et al. (2001) 


P01 


2" 7 


Sanchez-Blazquez et al. (2006b) 


SB06 


2{'7 


Terlevich et al. (1999) 


T99 


2'.'0 


Trageretal. (1998); 


IDS 


2"7 



Lee & Worthev (2005) 



(2002) sample, H/3 line strengths were corrected for emission us- 
ing the equivalent wi dth of the [O IIIJA50 07 A line following the 
procedure detailed in iTrager et alj feOOOah : that is, we correct H/3 
by adding —0.6 x EW([Om]) when [Om] is in emission (i.e., 
E W([Q Hi]) < 0). We note that this correction was no t ma de for 
thell0rgenserJ jl999h.lMehlert et alj d2000h . lNeran et al.l fe005h . or 
ISanchez-Blazquez et alj ( 1200 6b) samples, nor even our own LRIS 
sample; we return this point in SI5.3I below. In Table IB3I in Ap- 
pendix [B] we present the line strengths and stellar population pa- 
rameters for all Coma Cluster galaxies for which line strengths 
were available in the literature that were taken through or could 
be synthesised to form a 2" 7-dia meter aperture. 

We also use t he samples of Gonzalez ( 1993^ field and Virgo 
cluster ellipticals), Fisher, Franx, & Illingworth I d 19961, field and 
Virgo cluster SO's), and lKuntschnerl ([2000, Fornax Cluster ETGs) 
in our analysis. In each case we computed line strengths through 
synthesised apertures of diameter 2'.'7 projected to the distance of 
Coma using the published gradient data. That is, we measured line 
strengths through a fixed physical aperture of radius 637 pc (as- 
suming Ho = 72 kms _1 Mpc _1 , as above).We have combined 
these three samples, excluding ETGs in the Virgo Cluster, to cre- 
ate a low-density environment sample that we refer to as our 'field' 
sample. We can then directly compare the stellar populations of 
these ETGs in less-dense environments to those of Coma ETGs. 



2.4 Literature data: Coma and 'field' galaxies 

We briefly describe other high-quality line strength data of Coma 
Cluster galaxies available in the literature. A full comparison of 
these data with our LRIS data is given in Appendix |B1 

In Table[3]we list all of the sources of absorption-line strength 
data calibrated onto the Lick/IDS system (as well as heliocen- 
tric velocities and velocity dispersions) for the Coma Cluster that 
we have found in the literature. For the Lick/IDS (IDS) sample, 
the higher-order B aim er line strength s of N GC 4864 and NGC 
4874 were taken from Lee & Wortheyj j2005h . Most of these line 
strengths were measured through fibres of various apertures, or in 
the case of the Lick/IDS sample, a rectangular slit; in those cases 
where long slit data were obtained, an equivalent circ ular aperture 
was synthesised from published gradient data. For the lMoore et alj 



2.5 Galaxy masses and mass-to-light ratios 

We are further interested in the masses and mass-to-light ratios of 
ETGs in the Coma Cluster to examine the variation of line strengths 
and stellar population parameters as a function of mass and to probe 
for complex star-formation his tories. We have determ ined a 'virial 
mass ' M vir = 500 a 2 e r e M Q fcappellari et"aT] |2006), where cr e is 
the light-weighted velocity dispersion within the effective radius in 
kms -1 , computed as a e = a 2 „Jr e (") /'2'.'7]~ ° 66 , and r e is the 
effective radius in parsecs derived from l0r gensen & Franxl d 19941 
or TableQ]when necessary). The virial mass-to-light A/ V ir/ L b ratio 
in the B-band is computed from M v i r using Lb ■ We have corrected 
B-band magnitudes for our galaxies from Eisenhardt et al. I d2007l) 
using fc-corrections appropriate for a 13 Gyr-old, solar-metallicity 
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Table 4. Virial Af v ; r mass-to-light ratios and masses of the LRIS sample 
galaxies 



GMP 


lot? A'f,,;~ / Tj d 


Ioet /V/",.;.. 


3254 


0.66 ±0.08 


10.04 ±0.08 


3269 


0.36 ±0.09 


9.86 ±0.09 


3291 


0.55 ±0.11 


10.02 ±0.11 


3329 


1.07 ±0.08 


11.90 ±0.08 


3352 


0.44 ±0.08 


10.49 ±0.08 


3367 


0.56 ±0.08 


10.69 ±0.08 


3414 


0.49 ± 0.08 


10.66 ±0.08 


3484 


0.37 ±0.08 


9.98 ±0.08 


3534 


0.24 ±0.12 


9.52 ±0.12 


3565 


0.33 ±0.23 


9.18 ±0.23 


3639 


0.41 ±0.08 


10.56 ±0.08 


3664 


0.67 ±0.08 


10.89 ±0.08 



SSP ( iBruzual & Chariot 20 q3) modefl and using extinctions com- 
puted using ISchlegel, Finkbeiner, & Davisj {l998) for the KPNO B 
filter and finally assumed a distance modulus of 34.94 to the Coma 
Cluster to det ermine Lb - We do not u se the direct scaling of M/L 
with <7 e from iCappellari et al.l d2006l . their Eq. (7)), as the galax- 
ies with the lowest velocity dispersions in our sample have result- 
ing mass-to-light ratios much lower than their stellar populations 
would suggest, which is unphysical. 



3 DERIVATION OF STELLAR POPULATION 
PARAMETERS 

Our methodology for inferring stellar popu lation parameters fro m 
absor ption-line strengths has changed since iTrageretalJfcOOOd lbl 
l2005t) due to improvements in the models and to increasing com- 
puter speed^f]. We first describe our new models and then the 
method used to infer SSP-equivalent (single-stellar-population- 
equivalent) parameters from the observed line strengths. By 'SSP- 
equivalent', we mean that the stellar population parameters we de- 
termine are those the object would have formed at a single age 
with a single chemical composition. As discussed at length in Pa- 
per II and in £15.11 we do not believe that early-type galaxies are 
composed of single stellar populatio ns. For conveni ence and be- 
cause of the degeneracies discussed in Worthey]( fl994h . Paper II and 
ISerra&Tragerf ( l2007l . among many others), our analysis is how- 
ever conducted using SSP-equivalent parameters. 



3.1 Models 

In the current paper we follow o ur past practise and analyse stellar 
populations with the aid of the IWorthevI j 19941) models. We have 
however improved our previous models and methods in two ways: 
(1) the treatment of non-solar abundance ratios has been improved, 
and (2) the 'grid inversion' scheme used to infer stellar population 



4 Using a 4 Gyr-old, solar-metallicity SSP model changes the fc-corrections 
by less than 0.02 mag. 

5 The SSP-equivalent parameters given in lTrager et all fe005t) were based 
on an earlier version of our models that used the iTripicco & Belj jl995l) 
response functions as detailed in Paper I. However, the method used for grid 
inversion is that described in i|3.2| The SSP-equivalent parameters given 
here supersede those in lTrageretalJj2005h , 



parameters in this paper is a significant improvement on our previ- 
ous scheme. 

The first major improvement in the method is the improved 
treatment of the effect o f non- solar abunda nce ratios on the line 
strengths. I n the past, we jTrager et alj2000al he reafter Paper I) and 
others (e.g., Th omas. Maraston. & Bender 2003, hereafter TMB03) 
used the response functions of ITripicco & Bell dl995|) to account 
for th ese ef fects in the original 21 L ick/IDS indexes Jworthev et al.l 
1 19941) . The ITripicco & Belli Jl995h response functions were com- 
puted for only three stars along a 5 Gyr old, solar-metallicity 
isochrone, leaving some doubt about their applicability to signif- 
icantly different pop ulations. These were superseded by the re- 
sponse functions of iKorn et al. ( 2005), who used three stars on 5 
Gyr isochrones at many different metallicities and also computed 
the response functions for t he higher-order Balmer-line indexes of 
IWorthev & Ottavianil fl997h . 

Recently, Worthey (priv. comm.) has produced new response 
functions for non-solar abundance ratios. These are based on 
newly-computed synthetic spectra of model stellar atmospheres 
for all of the stars in all of the isochrones in the 'vanilla' 
W94 (i.e., using origin al W94 isochrones) and the 'Padova' W94 
models (i.e., using the iBertelli et al J 1 19941 isochrones). One ele- 
m ent at a time is altered in each s pectrum, extending the work 
of IServen, Worthey. & Briievl §005). Each new spectrum is sub- 
tracted from the synthetic scaled-solar spectrum to compute a re- 
sponse function for each star along the isochrone; these are then 
summed to alter the model line strengths for each single-stellar- 
population model. Dr. Worthey kindly sent us model indexes for an 
elemental mixture of fixed [E/Fe] = +0.3 (mixture 4 of Paper I) 
for the full grids of both the W94 and Padova models. Because of 
the cl ose similarity of the Pado va 1994 plus Salpeter IMF version 
of the lBruzual & Charlotl J2003l hereafter 'BC03') models and the 
Padova W94 models, we can use the deviation of the indexes of the 
[E/Fc] = +0.3 Padova W94 models from the scaled-solar mix- 
ture Padova W94 models to correct the BC03 models for non-solar 
abundance ratios. We do not give detailed results for stellar popu- 
lations inferred from the 'Padova' W94 and BC03 models in this 
paper. However, we will point out the ranges in stellar population 
parameters that result from using different models when necessary, 
as the entire analysis has been carried out with the Padova W94 and 
BC03 models in parallel with the vanilla W94 models. 

We show the new models, with our Coma Cluster ETG data 
superimposed, in Figure [4] These new [E/Fe] = +0.3 grids fall 
between the [E/Fe] = +0.3 and [E/Fe] = +0.5 grids in, sa; 
M e b versus (Fe) , of older models based on lTripicco & Belli i 199 
or Ko rn et al . (2005) so that our new results tend to have smaller 
[E/Fe] at high [E/Fe] than previous studies (compare Fig.|4]with 
Fig-HJ. For the LRIS sample, we find 

logi ncw = (1.16 + 0.22) log tpapcr i (0.21 i 0.03) 
[Z/H] ncw = (1.24 ±0.10)[Z/H] PapcrI + (0.04 ±0.02) 
[E/Fc] ncw = (0.87 ±0.08) [E/Fe] PapcrI + (0.00 ±0.01), 



wh ere the Paper I values w ere computed using the W94 models and 
the lTripicco & Belli (l995) responses. These relations suggest that, 
across the board, our ages are somewhat lower (younger) at all ages, 
metallicities are increasingly higher at high [Z/H], and as expected, 
enhancement ratios lower at high [E/Fe] in the new models than in 
those presented in Paper I. We also show the models of TM B03 (as 
modified using the [a/Fe] responses of I Korn etal and our 

Coma Cluster ETG data in Figure[5]to demonstrate that the newly- 
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2 3 4 523456 

[MgFe] Mgb 

Figure 4. Stellar populations of Coma ETGs observed with LRIS in (H/3, [MgFe]) and (Mgfi, (Fe)) space, where [MgFe] = y^Mg b X (Fe) and (Fe) = 
(Fe5270 + Fe5335)/2. Line stren gths in this fi gure are measured through the synthesised 2'.' 7-diameter aperture. Triangles are SO's, squares are ellipticals. 
Model grids come from the vanilla Worthey ( 1994*) models, modified for [E/Fe] as described in the i|3.1l In both panels, solid lines are isochrones (constant 
age) and dashed lines are isofers (constant metallicity [Z/H]). In the left panels, the models are for solar [E/Fe]; models with higher [E/Fe] have slightly 
lower H/3 but similar [MgFe]. Therefore this an appropriate grid from which to visually assess age and metallicity, although accurate determinations are made 
in (H/3, Mgb, Fe5270, Fe5335) space (see text). In the right panel, grids have [E/Fe] = 0, +0.3 (upper and lower, respectively). This is an appropriate 
diagram from which to visually asses [E/Fe]. 




[MgFe] Mgb 

Figure 5. As for Figure [4] but here the grids are those of TMB03, as modified using the [o/Fe] responses of Korn et al. 12005). Although the inferred 
metallicities and enhancement ratios differ in comparison to the models used in the current work, the ages inferred from the [MgFe]-H/3 diagram (left) are 
very similar, showing that our preferred model is not the source of the young average age we find. 



modified W94 models predict nearly the same ages as the TMB03 
models, even though they predict lower metallicities and enhance- 
ment ratiofl We use our new models for all comparison with previ- 



We have not yet computed stellar population parameters using the 



TMB03 models. This is because our grid-inversion method requires know- 
ing certain internal model parameters (in particular, the continuum and line 
fluxes) that are not available to us in the TMB03 models. We leave such 
parameter estimation to future work. 
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ous studies. That is, we compute SSP-equivalent parameters using 
our present models from the line strengths given in previous studies 
when comparisons are made. 

Our method is not self-consistent, as we are manipulating the 
atmospheric parameters of the stars of interest and not their interior 
parameters, as di scussed in Paper I. Tha t is, we are not alter i ng the 
isochrones of the lWorthevI d 19941) or the lBruzual & Charlotl J2003I) 
models to accommodate changes i n [E/Fe] (or, more generally, 
[X,7Fe]). Froctor & Sa nsom (2002) have examined the methodol- 
ogy of Paper I in light of a- enhanced isochrones from the Padova 
gro up jSalasnich et alj|2000h . They note that at high metallicity, 
the lSalasnich et alj j2000h isochrones are not significantly changed 
by increasing [E/Fe] at fixed [Fe/H]; therefore the isochrones ap- 
pear to depend on [Fe/H], not [Z/H], as we have assumed. Proc- 
tor & Sansom therefore choose to enhance all the elements by 
[E/Fe] except the Fe-like elements Fe, Ca, and Cr, which are kept 
at their original [Fc/H] level. This is in contrast to our method 
described in Paper I, where we assumed that the isochrones de- 
pend on the total metallicity [Z/H], as discussed in §3.1.2 and 
§5.4 in that paper, and thus some elemental abundances are en- 
hanced and others decreased to keep [Z/H] in balance. The Proc- 
tor & Sansom method tends to increase the ages of the galaxies 
with the highest [E/Fe] compared with our method - for galax- 
ies with ages log t> 0.6, the increase is Alogt ~ 0.25 (cf. their 
Fig. 11) - but barely affects the other stellar population param- 
eters. We agree that our assumptions need updating, but we cur- 
rently prefer to use our original assumption that isochrone shapes 
are governed by [Z/H] and wait for self-consistent stellar popu- 
lation models in which indexes and isochrones are corrected for 
[E/Fe] in the same way (see the discussion in TMB03 and at- 
tempt s by Weiss, Peletier, & Matteucci 199 5); | Thpmas & Marastonl 
120031; iLee & Worthey||2005l; andlSchiavonll2007l) . Note moreover 
the rec ent suggestion bv lWeiss et al.ld2006t) that the lSalasnich et al] 
feOOOh isochrones are untrustworthy because of errors in the 
low-tem perature opacities; t his wi ll certainly affect the conclu - 
sio ns of IProctor & Sansoml ( l2002h . iThomas & Marastonl d2003l) . 
and lSchiavonl J2007h . 

Finally, we have not (yet) corrected the models for the so- 
called [a/Fe]-bias inherent in the fitting functions (TMB03). This 
'bias' is however only strong ([a/Fe] intrinsic > 0.1 dex) when 
[Fe/H] < —0.33 dex, uncommon in ETGs. Such a low metallicity 
is not seen in the ETGs in LRIS sample (the lowest metallicity is 
that of GMP 3565, which has [Z/H] = -0.25 dex). 



3.2 Method 

We have also improved the scheme ('grid inversion') by which line 
strengths are fit to models and therefore stellar population parame- 
ters and errors are determined. 

Previously we created large, finely-spaced grids in (logt, 
[Z/H], [E/Fe]) space and searched the corresponding (R/3, Mgb, 
(Fe)) grids using a minimal-distance statistic to find the best-fitting 
stellar population parameters (Paper I). Errors were determined by 
altering each line strength by la in turn and searching the grids 
again to find the maximum deviation in each stellar population pa- 
rameter. 

Given the ever-improving speed and memory of modern com- 
puters, such a method is no longer necessary. We now deter- 
mine stellar population parameters directly using a non-linear 
least-squares code based on the Levenberg-Marquardt algorithm in 
which the stellar population models described above are linearly 
interpolated in (logt, [Z/H], [E/Fe]) on the fly. Confidence inter- 



vals are computed by taking the dispersion of stellar population 
parameters from 10 4 Monte Carlo trials using the errors of the ob- 
served line strengths (Table |2j> assuming Gaussian error distribu- 
tions. At the same time, we have extended the method from (R/3, 
Mg fe, (Fe)) distributions to any combination of indexes; for exam- 
ple, determining stellar populations when C24668 is substituted for 
Mg fo or US a for H/3. In fact, we now use Fe5270 and Fe5335 in the 
fitting process separately rather than (Fe). We display the data in 
the (H/3, [MgFe]) and (Mgb, (Fe)) planefl because these planes 
are respectively sensitive to age and metallicity (but mostly insen- 
sitive to [E/Fe]) and sensitive to [E/Fe] (e.g., Fig.g] TMB03). We 
do not determine stellar population parameters from these planes. 
We also compute expected line strengths and optical through near- 
infrared colours (and their errors) based on the compu ted stellar 
popula tion parameters. We have tested this scheme on fhe lGonzalezl 
( 1993) data presented in Papers I and II and found it to reproduce 
very closely the stellar population parameters derived there when 
using models similar to those used in those papers. 



3.3 A check of the models and method 

As a sanity check of the above changes to the models and method, 
we have determined the age, metallicity and enhancement ratio of 
the galactic open cluster M67 using the Lick/IDS indexes given by 
ISchiavon, Caldwell. & Rose] J2004.J) . We find t = 4.1 ± 0.7 Gyr, 
[Z/H] = -0.13 ±0.06 dex, and [E/Fe] = 0.01 ±0.03 dex (when 
ignoring blue straggler stars), in excellent agreement with both the 
colour-magnitude diagram tumoff age (3.5 Gyr) and spectroscopic 
abundances ([Z/H] ~ [E/Fe] ~ dex) as well as the model ages 
and abundances (t = 3.5 ± 0.5 Gyr, [Z /H] = 0.0 ± 0.1 dex , 
[Mg/Fe] = -0.05 ± 0.05) determined bv lSchiavon et all d2004ah . 
We are therefore confident that we can accurately and precisely re- 
cover the stellar population parameters of intermediate-aged, solar- 
composition single stellar populations. 



4 THE STELLAR POPULATIONS OF EARLY-TYPE 
GALAXIES IN THE COMA CLUSTER 

We now explore the resulting stellar population parameters of 
ETGs in the Coma Cluster. In the following, except where indi- 
cated, the terms 'age' (t), 'metallicity' ([Z/H]), and 'enhancement 
ratio' ([E/Fe]) always refer to the SSP-equivalent parameters. We 
test our three predictions of fusing the stellar population param- 
eters and their correlations with velocity dispersion and mass. 



4.1 Line-strength distributions 

In Figure|4]we plot the distribution of H/3, Mg b, (Fe) line strengths 
of our twelve Coma Cluster galaxies. Before discussing results 
based on stellar population parameters determined from the grid in- 
version, three major points can be read directly from this diagram. 
First, these objects span a relatively narrow range in age (less than 
a factor of 3, or less than 0.5 in log t). At least 8 of the 12 galax- 
ies have nearly-identical ages around 5 Gyr. Note that these ages 
from this plot will not precisely agree with the parameters given in 
Table|5]below due to lower H/3 at fixed age for larger [E/Fe]. This 
means that high- [E/Fe] galaxies will be slightly younger when us- 
ing our age-dating method than ages read directly from the plot. 



Here (Fe) = (Fe5270 + Fe5335)/2 and [MgFe] = ^/Mgb X (Fe). 
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Table 5. SSP-equivalent stellar population parameters of Coma Cluster 
galaxies through the 2'.'7-diameter aperture using (H/3, Mgfo, Fe5270, 
Fe5335) 
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Note. - Errors are 68 per cent confidence intervals marginalised over the 
other parameters. Errors are determined from observational uncertainties 
only and do not take into account systematic uncertainties. 

Second, the galaxies span a large range in metallicity [Z/H], about 
0.5 dex, as can be seen from the left-hand panel, centred on a value 
of ~ 1.5 times the solar value. Third, the [E/Fe] ratios vary be- 
tween the solar value and +0.15 dex or so for the newly-modified 
W94 models, as can be seen from the right-hand panel. We note 
here that differences between models cause subtle bulk changes in 
age and metallicity, but the overall trends are not grossly affected 
by the choice of model. 

4.2 Stellar population parameter distributions 

In Table [5] we present the stellar population parameters for the 
twelve Coma Cluster galaxies through the 2'.'7-diameter synthe- 
sised aperture based on the (H/3, Mg&, Fe5270, Fe5335) in- 
dexes. Figure [6] shows the distribution of stellar population pa- 
rameters, shown as the probability distributions of each parameter 
marginalised over all other parameters and their sum. Galaxies in 
this figure are distributed as expected from Figure|4] 

Examining these distributions and Table [5] in detail, we find 
that eight to ten of the twelve ETGs in this sample have nearly 
the same age. Discarding the two most divergent galaxies - GMP 
3269 and GMP 3639 - the mean age of the ten remaining ETGs 
is Miogt = 0.72 ± 0.02 dex (5.2 ± 0.2 Gyr). To quantify the age 
scatter, we compute a reduced \ 2 f° r the ETG ages: 

-=_^£(^^). 

!=1 V ' 

where (log t) = fjt is the weighted mean (logarithmic) age for the 
N = 10 galaxies being considered and the N — 1 term in the de- 
nominator arises from the fact that the we have computed /i from 
the distribution of log t itself. We have used the central value and 
scale (roughly a) of the margi nalised age distribution giv en by the 
biweight estimator (see, e.g.. iBeers. Flvnn. & Gebhardtlll99oT) to 
simplify the calculation. The biweight ages and best-fitting ages 
are nearly identical; the biweight scales closely match the half- 
width of the (68 per cent) confidence intervals but are assumed to 
be symmetric about the biweight age, unlike the confidence inter- 
vals. We find a reduced = 2.4 for the age residuals, or a 1 
per cent chance of being consistent with no age spread (although 



see below). To determine the amount of permissible internal age 
scatter, we compute <7i ogt (int) = yJV — Na^, where the sam- 
ple variance V = y\(iBj — y,) 2 /(N — 1). The maximum inter- 
nal age scatter is then 0.11 dex (1.3 Gyr). The two deviant ETGs, 
GMP 3269 and GMP 3639 are notable for having the largest pe- 
culiar motions of the sample. GMP 3639 has a peculiar motion of 
sa — 2200kms~ 1 , more than 2er c ; [a c i(Coma) = 1021 kms -1 , 
ISmith et al.l2004h in front of the cluster, while GMP 3269 has a pe- 
culiar motion of ~ 1000 kms -1 to the rear of the cluster. If these 
ETGs are assumed to be true cluster members, the mean age de- 
creases negligibly to /ii og t = 0.71 ± 0.02 dex (5.1 ± 0.2 Gyr) and 
the internal age spread increases to 0.14 dex (1.7 Gyr). We con- 
clude therefore that ten of the twelve ETGs in this sample have the 
same age to within 1 Gyr and that including the remaining two (at 
least one of which may be an interloper) increases the typical age 
spread to only 1.7 Gyr. 

In order to test this single age hypothesis, we have performed 
a Monte Carlo analysis in which we assume a single age for all of 
the galaxies in each sample but allow each galaxy in the sample to 
have its measured metallicity and enhancement ratio. We use our 
models to predict its line strengths and then perturb these using the 
observed errors (assuming a normal distribution). We then measure 
its predicted stellar population parameters. We do this in total one 
hundred times for each sample for each assumed age, in steps of 
A logt = 0.1 dex from 0.1-1.2 dex (1.26-15.8 Gyr). At each age, 
we use a Kolmogorov-Smirnov (K-S) test to determine whether the 
age (and metallicity and enhancement ratio) distributions of the ob- 
served and simulated galaxies are d rawn from th e same parent dis- 
tribution (similar to the approach of Moore 2001). We compute the 
K-S probability Pks for each of the 100 realisations at each age 
and take the average of the central 68 per cent of the Pks distri- 
bution; we take the extremes of this central part of the distribution 
as the confidence limits. We assume that the null hypothesis, that 
the two populations are drawn from the same parent distribution, 
is strongly ruled out when Pks < 0.05 and marginally ruled out 
when 0.05 < Pks < 0.10; otherwise we assume that the null 
hypothesis is valid. Table [6] shows the results of these tests, and 
Figure [7] plots the ages as a function of log a. The results are as 
follows: 

• Our LRIS sample is completely consistent with a constant age 
of log t = 0.7 dex and marginally consistent (within the confidence 
limits of the K-S probability distribution) with a constant age of 
log t = 0.8 dex; other mea n ages are strongly ruled out. 

• The |j0rgensen| ( 119990 sample is completely consistent with a 
constant age of log t = 0.5 dex and consistent with a constant age 
of log t = 0.4 dex. 

• The lMehlert et al.ld2000l) sample is completely consistent with 
constant ages of log t = 0.7, 0.8, and 0.9 dex and marginally con- 
sistent with a constant age of log t — 1.0 dex (an age of log t — 0.6 
is just on t he edge of margi nal acceptance). 

• The Mo ore et al. U2002I) sample is marginally consistent with 
a constant age of l og t = 0.6 dex. This is in agreement with the 
findings of lMoord l l200lh . who found that the lMoore etail j2002h 
ETG sample was inconsistent with a constant age when consid- 
ering the the ellipticals and SO's taken together; taken separately, 
however, the ellipticals and SO's were each consistent with a differ- 
ent constant age. We have teste d this hypothesis and find that both 
the elliptical and SO galaxies in iMoore et al.l d2002h are consistent 
with constant ages of log t = 0.7 or 0.8 dex, and the ellipticals are 
marginally consistent with a constant age of logi = 0.9 dex. The 
K-S probabilities suggest that the SO's are slightly younger (higher 
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t (Gyr) [Z/H] [E/Fe] 

Figure 6. The summed and individual probability distributions of stellar population parameters for galaxies in the centre of the Coma Cluster, based on the 
(H/3, Mg b, Fe5270, Fe5335) indexes. Each galaxy's probability distribution in each parameter is shown in a different colour; the (re-binned) sum is shown in 
black. Jagged features in the distributions arise from edge effects in the models. These summed distributions in these panels can be thought of as histograms 
smoothed by the errors in the parameters. 



Table 6. Kolmogorov-Smirnov probabilities for single-aged populations 
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Entries in italics are those that are consistent with a constant age population. Errors are the extrema of the 68 per cent confidence intervals, determined from 
100 realisations at the given age (see text). Sample names are defined in Table[3] 



0.1 


1.26 


0.2 


1.58 


0.3 


2.00 


0.4 


2.51 


0.5 


3.16 


0.6 


3.98 


0.7 


5.01 


0.8 


6.31 


0.9 


7.94 


1.0 


10.00 


1.1 


12.59 


1.2 


15.85 



probability at logt = 0.7 dex than at 0.8 dex) than the ellipticals 
(higher probability at logt = 0.8 dex than at 0.7 dex). Note how- 
ever that we have ignored transition morphologies such as E/S0, 
S0/E, and SO/a, as well as a few later-type galaxies in these tests. 

• The lNelan et alj 1 120051) sample is at best marginally consistent 
with a co nstant age of log t = 1.0 d ex. 

• The ISanchez-Blazquez et al. | d2006bl) sample is consistent 
with constant ages of log t = 1.0 and 1.1 dex and marginally con- 
sistent with with constant ages of logt = 0.9 and 1.2 dex. This 
mean age deviates from all other Coma ETG samples. We return to 
this point in i|5,2| below. 

• Finally, our field sample is marginally consistent with a con- 
stant age of log t = 0.7 dex, but only at the extreme end of the 68 
per cent confidence interval (as expected from Paper II). The aver- 
age age of this sample is /it og < = 0.70 ± 0.01 dex (5.0 ± 0.1 Gyr), 
with a sizable scatter of 0.29 dex (3.3 Gyr) rms. This is identical 
within the formal errors to the mean age of the LRIS galaxies. 

We have examined the ages of our field sample ( ij2.4t in order 
to understand our result in the context of prediction (ii), that ETGs 
in high-density environments should be older than those in low- 
density environments. The SSP-equivalent ages of the Coma Clus- 



ter and field ETGs and the typical ages and intrinsic age scatter of 
the Coma Cluster ETGs are shown as a function of velocity disper- 
sion in Figure|7] This then is our first major result: Coma ETGs (in 
our small but extremely high-quality sample) are (i) (nearly) coeval 
in their SSP-equivalent ages and (ii) are identical in age to the field 
ETGs. In terms of our predictions, Coma ETGs appear to violate 
predictions (i), that lower-mass ETGs have younger stellar popu- 
lations that high-mass ETGs, and (ii), that ETGs in high-density 
environments are older than those in low-density environments. 

Our LRIS sample is too small to determine the age scatter as a 
function of mass, so it is difficult to say whether prediction (iii), that 
high-mass ETGs have a smaller age spread than low-mass ETGs, 
is violated or not; all we can say is that the in t rinsic in our en- 
tire sample is small. However, the iMoore et al, I d2002h sample is 
large enough to make this test, as it contains 121 galaxies with us- 
able stellar population parameters. We have binned these galaxies 
in velocity dispersion and determined the intrinsic scatter as de- 
scribed above; the results are plotted in Fig. [8] It is clear that the 
internal scatter tends to increase with decreasing velocity disper- 
sion (except in the highest velocity dispersion bin, where only two 
galaxies contribute). Such an increase in the scatter in stellar pop- 
ulation age with decreasing velocity dispersion has been reported 





Figure 7. The lo g cr-log t distributions for all Coma Cluster ETG and RSG samp les. Top row, from left to right: the LRIS ETC sample; the Jorgensen ( 1999) 
ETG sample; the lMehlert et alj l2000l) E TG sample and thelMoore et alj l"2002l) ETG sample. Bottom row, from left to right: the bfelan et al J 120051) RSG 
sample (Coma Cluster galaxies only); the Sanchez-Blazque zetluTl2*bo6bl) ETG sample (Coma Cluster galaxies only); and our field sample of ETGs. The 
solid lines in all panels represent the mean age of the Coma Cluster ETGs after removing the two outliers GMP 3269 and GMP 3639, and the dashed lines 
represent the maximum internal scatter in age permitted by the data. The (red) dashed-dotted line in the LRIS panel is the mean age of the ETGs including the 
outliers, and the (red) dotted lines are the maximum scatter permitted by all twelve galaxies. The (green) dot-dashed line in each other panel is the (biweight) 
mean age of the sample. Note that many field ETGs are significantly older than the Coma Cluster ETGs at all velocity dispersions; this in itself is not a 
contradiction with predict ion (ii) if the scatter in the field galaxies is larger at all velocity dispersion than in clusters. The upper dotted line is the current age 
of the Universe (13.7 Gyr, Soergel et al. 2007) and the upper solid line is the maximum age of the W94 models (18 Gyr). 



previously by Poggia nti et al ] 1200 ll). although their data were not 
as high quality as that of llVloore et al] {2002, see Appendix iBl. We 
therefore suggest that the stellar populations of ETGs in the Coma 
Cluster are consistent with prediction (iii), in agreement with pre- 
vious results. We find additionally that the field sample, at least for 
a > 100 kms -1 , where this sample may be representative (if not 
complete) has typically a slightly larger intrinsic age scatter at a 
given velocity dispersion. This further supports prediction (iii), but 
the difference is not large. 



are older by Alogt = 0.16 ± 0.02 dex and more metal-poor by 
A[Z/H] = -0.12 ± 0.02 dex (with negligible change in [E/Fe]). 
This age shift translates into a mean age for the entire LRIS sample 
of /ii g t — 0.88 ± 0.02 dex (7.5 ± 0.3 Gyr). If we require an av- 
erage age of 10 Gyr for this sample, an offset of AH/3 = —0.2 A 
(with no other index changes) is required for each galaxy, or nearly 
four times the Lick/IDS calibration uncertainties. We believe that 
this large shift is unlikely, and we can therefore accept a maximum 
average age of roughly 7-8 Gyr for this sample. 



4.2.1 Caveats on stellar population ages 

We have considered the possibility that our line strengths may 
be systematically too high in H/3, Mgb, Fe5270, and Fe5335. 
We tested the effects on the inferred stellar population parame- 
ters of offsets of AH/? = -0.056 A, AMgb = -0.139 A, 
AFe5270 = -0.090 A, and AFe5335 = -0.091 A - the root- 
mean-square deviations of calibrations onto the Lick/IDS system 
(Table IA2t . These are the maximum allowable systematic shifts 
we can reasonably apply to our data, and are larger than the av- 
erage differences with respect to other measurements in the litera- 
ture (TableHB, except for Fe5335. We find that our LRIS galaxies 



As mentioned in §23] above, we have not applied corrections 
for emission-line fill-in of H/3 in our LRIS line strengths. We warn 
the reader that this means that our age estimates are upper limits. 
Normal weak-lined red-sequence ellipticals are nearly always LIN- 
ERS, in which case we expect E W(H/3) = 0.62 x EW(fO Hi]) on 
average, with little scatter (e.g..lHo. Filippenko. & Sargent|[l997l : 
lTrageretal.ll2000al ; lYan et alfeoOfj) . Therefore our detection of 
[Om] emission in most of our sample means that undetected H/3 
emission is filling in our H/3 absorption lines in those galaxies, 
making them appear older than they truly are. We have made a sim- 
ple attempt to make such a correction for fill-in using the correc- 
tion quoted above and find that the mean age of our twelve galaxies 
is fiiagt = 0.618 ± 0.018 dex (4.1 ± 0.1 Gyr). This is younger 
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ETG sample and their similarity in ages when compared with field 
ETGs are robust results. 



4.3 Correlations of stellar population parameters with each 
other and with velocity dispersion and mass 

We now ask whether there are trends in the stellar population pa- 
rameters as a function of other stellar population parameters or with 
other parameters such as velocity dispersion or mass. The latter cor- 
relations - if they exist - are relevant to prediction (i), the downsiz- 
ing of the stellar populations of ETGs. 
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Figure 8. The estimated intrinsic logarithmic scatter as a function of veloc- 
ity dispersion (tr) in the Coma Cluster ETG sample of Mo ore et alj j2002l 
solid squares) and our field galaxy sample (see text; open circles). Galaxies 
were binned in log a suc h that each bin had an equal number of galaxies 
in the lMoore etaiT<2002h sample (12 galaxies per bin), except the bin with 
the highest a, which had only two galaxies. Ignoring this bin, it is clear 
that the intrinsic age scatter in this sample increases with decreasing ve- 
locity dispersion. The field sample was binned into the same bins in cr as 
the Coma sample, and the point size of each bin represents the number of 
field galaxies in that bin. It is important to remember that the field sample is 
not complete and is particularly missing galaxies at <r < 100 kms -1 , and 
some bins are completely empty. Even so, it appears that the intrinsic age 
scatter in the field galaxies at high a is typically slightly higher than that of 
the Coma galaxies. 



than that inferred above, as expected. This would actually make 
the Coma ETGs younger than the field ETGs, seriously violating 
prediction (ii). 

Stellar population model differences can also affect the deter- 
mination of stellar population parameters. The standard deviation 
of mean ages for the vanilla W94, Padova W94, and BC03 models 
modified as described in ^3.21 is 28 per cent for the current sam- 
ple, in the sense that the Padova W94 models give younger ages 
((log*) = 0.59 ± 0.01) than the vanilla W94 models ((log*) = 
0.71 ± 0.02), which in turn give younger ages than the BC03 mod- 
els ((log*) = 0.81 ± 0.01). Comparison of Figures [4] and [5] shows 
that the ages from the vanilla W94 models and TMB03 should in 
principle be very similar. Further, as discussed in £j3 - 1 1 it possi- 
ble that our models may be underestimating ages by as much as 
A log* = 0.25 dex for log * > 0.6 dex due to incor rect treatment 
of abundance ratio effects ( Pro ctor & Sansoml l2002), but the true 
magnitude of this correction awaits the next generation of stellar 
population models. 

Calibration, emission fill-in correction, and model differences 
may drive differences in the absolute stellar population parame- 
ters, but as shown by many previous studies (e.g., Paper I), relative 
stellar population parameters are nearly insensitive to changes in 
the overall calibration, emission corrections, or stellar population 
model. We therefore believe that the uniformity of ages of our Coma 



4.3.1 The Z -plane and the [E/Fe]— a relation 

The stellar population parameters log *, [Z/H] , and [E/Fe] together 
with the velocity dispersion log a form a two-dimensional family 
in these four variables, as shown in Paper II for elliptical galaxies in 
environments of lower density than Coma (including the Virgo and 
Fornax clusters). The correlation between age and velocity disper- 
sion in that sample was weak and therefore we associated the two 
primary variables in the four-dimensional space with age and veloc- 
ity dispersion in Paper II. This association is tantamount to declar- 
ing that there exists a temporal relation between SSP-equivalent age 
and metallicity and also that velocity dispersion plays a role in the 
formation of ETGs. We also associate age and velocity dispersion 
with the primary variables in this set of galaxies, as we find no cor- 
relation between age and velocity dispersion in the present sample. 
As in Paper II, we find at best a weak anti-correlation between log * 
and [E/Fe] (correlation coefficient of —0.51 for the LRIS sample), 
so we claim again that the variation in stellar population parameters 
can be split into an [E/Fe]-cr relation and a metallicity hyperplane, 
the Z-plane. The Z-plane has the form 

[Z/H] = a log a + /3 log * + 7 (3) 

Coefficients of Eq. [3] are given in the first three columns of Ta- 
ble|7]for the original sample of Paper II using the models described 
therein; the sample of Paper II using the current vanilla W94 mod- 
els; a s ample consisting o f loca l field E and SO's from iGonzalezl 
dl993h .l Fisher et aD dl996l) . and lKuntschnerl d200(]h . removing the 
Virgo Cluster galaxies; t he LRIS sample; a nd five other sample s 
of Coma Clu s ter ga la xies: I Jeirgensenl <f 19991. Me hlert et aLI d2000l) . 
iMoore et all d2002l). iNelan et al.1 d2005l Coma Cluster galaxies 
only), and lSanchez-Blazquez et all d2006bl . Coma Cluster galaxies 
only). Coefficients were determined by minimising the minimum 
absolute deviations from a plane ( after subtracting the m ean values 
of each quantity), as described in ljorgensen et alj dl996i) and used 
in Paper II. Uncertainties were determined by making 1000 Monte 
Carlo realisations in which the the line strength indexes of the 
galaxies were perturbed using their (Gaussian) errors, stellar popu- 
lation parameters were determined from the new indexes, and new 
planes were fit to these parameters. We find from these realisations 
that the slopes a (= d[Z/H]/dlog a) and f3 (= d[Z/H]/dlog*) are 
nearly uncorrelated with each other, but the zero-point 7 is strongly 
correlated with a and somewhat less with ft. 

Figure [9] shows a roughly face-on view of the Z-plane - the 
log*-[Z/H] projection - and the long edge-on view. The face-on 
view shows that there exists an age-metallicity relation for each 
value of a, as shown in Paper II. We have argued in Paper II that 
the age-metallicity relation at fixed a in field samples is not a re- 
sult of correlated errors in the age-metallicity plane, as the varia- 
tions in ages and metallicities are many times larger than the (cor- 
related) errors (see, e.g., right panel of Fig.[T7]below). It is possible 
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Table 7. Z-plane and [E /Fe]— a relation parameters for ETGs through an aperture of 2"7 projected to the distance of the Coma Cluster, using new W94 models 



Data set 



Low-density environment ETG samples 
Paper IE 
Paper II b 
Field c 

Coma Cluster ETG and RSG samples 
LRIS 

J0rgensen (1999) 
Mehlert et al, (20001 
Moore et al. (2002) 
Sanchez-Blaz quez et al. (2006b) d 
Nelan et al. (2005) d 



a 


P 


7, Zero-point 


<5 


e, Zero-point 


d[Z/H]/dlogo- 


d[Z/H]/dlogt 


(Z-plane) 


d[E/Fe]/d log <t 


([E/Fe]-a) 


0.76 ±0.13 


-0.73 ±0.06 


-0.87 ±0.30 


0.33 ± 0.01 


-0.58 ± 0.01 


1.05 ±0.06 


-0.71 ±0.05 


-1.51 ±0.15 


0.25 ± 0.02 


-0.41 ± 0.01 


1.19 ±0.07 


-0.72 ±0.05 


-1.85 ±0.17 


0.24 ±0.01 


-0.40 ±0.01 


0.97 ±0.12 


-0.78 ±0.12 


-1.26 ±0.31 


0.35 ± 0.03 


-0.64 ±0.01 


1.38 ±0.21 


-0.94 ±0.07 


-2.09 ±0.46 


0.30 ±0.04 


-0.51 ± 0.01 


1.39 ±0.31 


-0.79 ±0.08 


-2.34 ±0.78 


0.32 ± 0.07 


-0.57 ±0.01 


1.12 ±0.09 


-0.81 ±0.04 


-1.58 ±0.19 


0.33 ± 0.02 


-0.56 ± 0.01 


0.94 ±0.12 


-0.88 ±0.12 


-1.14 ±0.34 


0.21 ± 0.04 


-0.36 ± 0.01 


1.23 ±0.14 


-0.96 ±0.08 


-1.80 ±0.28 


0.31 ±0.02 


-0.56 ±0.01 



a As published in Paper II. These parameters were not mea sured from inde xes projected to Coma distance but those in r e /8-diameter aperture and were also 
inferred from original vanilla W94 models using the lTripicco & Belj fl99^ > non-solar abundance index response functions. 
b Using vanilla W94 models wit h new non-so l ar abu ndan ce index response f unctions, as described in the text. 

c Galaxies from lGonzalel h993l) . lKuntschneJ feOOOl) . and lFisher et alj fl996l) . excluding Virgo Cluster galaxies to simulate a 'low-density environment' sample, 
as described in i|2.4l 
d Coma Cluster galaxies only. 





Figure 9. Two views of the Z-plane (Paper II) for the LRIS galaxies. Left: the log t— [Z /H] projection (roughly face-on). Contours are 68 per cent confidence 
intervals of the stellar population parameters, marginalised over [E/Fe]. The solid lines are lines of constant velocity dispersion cr (from bottom to top: 50, 
150, 250, 350 kms -1 ). Right: the (long-) edge-on projection, showing the thinness of the plane. 



that correlated errors may bias the slope of the plane, but the ex- 
istence of the plane is not driven by the correlated errors. In the 
current dataset, this age-metallicity relation is not strong, as the 
dispersion in age is very small for these galaxies, as shown above. 
The existence of an age-metallicity relation at fixed a with a slope 
d[Z/H]/dlogt ~ —2/3 means that (optical) colours and metal- 
line strengths should be nearly consta nt at a given ve locity disper- 
sion, following the 'Worthey 3/2 rule ' dWorthey|l994r) . This results 
in thin Mg-er (as show in Paper II) and colour-magnitude relations. 
The thinness of the Z-plane (that is, the scatter perpendicular to the 
plane) suggests that age and velocity dispersion 'conspire' to pre- 
serve the thinness of such relations, which are nearly - but not quite 



(Paper II; lThomas et alJl2005l ; lGallazzi et al]|2006t) - edge-on pro- 
jections of the Z-plane. 

In Figure [10] we plot the stellar population parameters as a 
function of the velocity dispersion, which are just projections of the 
Z-plane and the [E/Fe]-a relation. We find both a strong loga- 
[Z/H] relation (with a correlation coefficient of 0.91; middle panel 
of Fig. [lOt and a strong log(j-[E/Fe] relation (with a correlation 
coefficient of 0.88; right panel of Fig. |10t , but we see no log cr— 
logi correlation (correlation coefficient of 0.01; left panel of 1 10b, 
as expected from our discussion in £]4.2I The latter result is again 
in contradiction of our prediction (i) for the stellar populations of 
ETGs, suggesting that there is apparently no downsizing in Coma 
Cluster ETGs. 
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Figure 10. Correlations of stellar population parameters with velocity dispersion a. From le ft to right: log a— lo g; t; log tr-[Z /H] ; log a— [E/Fe] . In all panels, 
green short-dashed lines are the inferred log cr-stellar population parameter relations of Nel an et alj 120051) . zero-pointed to the LRIS stellar population 
parameters, and red long-dashed lines are those inferred from the LRIS index strengths following the precepts of lNelan et alj (2005). In the left panel, the red 
dotted lines are the predictions of the Z-plane for populations with [Z/H] = 0, +0.3 (close to the mean metallicity of this sample), and +0.6. In the middle 
panel, the three red dotted lines are the predictions of the Z-plane for populations of 5, 10, and 15 Gyr from top to bottom. 



The log <j -[Z/H] correlation is just the mass-metallicity rela- 
tion for ETGs dFaberlll973lll977h . The distribution of galaxies in 
the face-on (logi-[Z/H]) projection of the Z-plane (left panel of 
Fig. [9} makes it clear why a strong mass-metallicity relation exists 
for the LRIS sample of Coma Cluster galaxies: the galaxies have 
nearly a single age, so the dispersion in metallicity [Z/H] translates 
into a velocity dispersion-metallicity sequence (which is related to 
a mass-metallicity relation through the virial relation M oc a 2 r e ). 
This can be seen from the log a-[Z /H] relations predicted from 
the Z-plane (dotted line in the middle panel of Fig. 1 10b . This is 
not the case in samples that have large dispersions in age, like that 
of Paper II, because galaxies in these samples have anti-correlated 
age and metallicity at fixed velocity dispersion, which erases the 
observed mass-metallicity relatiorQ That there is such a strong ve- 
locity dispersion-metallicity relation in the LRIS sample is further 
evidence that there is at best a weak velocity dispersion-age rela- 
tion. 

The lo g a- [E/ Fe] correlation was discovered by 
IWorthev etall tl992h and called the [E/Fe]-<7 relation by 
Paper II, who found a relation of the form 



[E/Fc] = 5 log a + e. 



(4) 



The last two columns of Table [7] give the coefficients of Eq. [4] for 
the samples considered here. A slope of a = 0.41 is found for the 
LRIS galaxies. This v alue is roughly consi stent with the relations 
given by Paper II and [Thomas et alj (2005), which were based on 
models with different prescriptions for correcting line strengths for 
[E/Fe]. We note that the right panels of Figures l6l and 1 101 suggest 
that the distribution of [E/Fe] in the LRIS sample may be bimodal, 
but this is likely to be an effect of the small sample size. 

We discuss the origin of both of the Z-plane and [E/Fe]-<r 
relation in S|5.4| 



8 We note in passing that if a sample had a very narrow range in metallicity, 
the Z-plane would require that the galaxies would have a strong age-cr 
relation if and only if the sample had a strong Mg-cr relation (and, of course, 
a colour-magnitude relation). 



4.3.2 Velocity dispersion- and mass-stellar population 
correlations 

In Figure[7Jwe show the distributions of log t as a function of log a 
for all of the Coma Cluster samples at our disposal. We have fit 
linear relation s to these paramet ers (not shown) using the routine 
FITEXY from lPress et alj (1992), which takes into accoun t errors 
in both dimensions. In all samples except the iNelan et al. I J2005t) 
RSG sample, we find negative correlations between age and ve- 
locity dispersion, violating prediction (i) for the ages of ETGs in 
Coma. 

Unfortunately, it is difficult to determine the slopes of rela- 
tions such as log cr-log t for samples with large scatter in the stel- 
lar population parameters from directly fitting the results of grid 
inversion, either due to intrinsic scatter or just very uncertain mea- 
surements. We have therefore also implemented two other meth- 
ods for determining the slopes of log a-, log M*—, and log Md yn - 
stellar population paramet er relations. The fi rst is the 'differen- 
tial' method described by Nela n et al] d2005l) . The second ('grid 
in version') method is very similar to the 'Monte Carlo' method 
of lThomas et al. Uiool . although our implementation is somewhat 
different: (a) we use a full non-linear least-squares x 2 -minimisation 
routine (Thomas et al. fit 'by eye'); (b) we do not attempt to ac- 
count for extra scatter in the relations; and (c) we do not attempt 
to fit two-component (old plus young) population m odels to out- 
liers. Our inferred slopes for the Tho mas et alj J2005) high-density 
sample match their results closely, giving us confidence that our 
method is at least similar to theirs. We find no significant posi- 
tive a— or mass-age relati on for any Coma C luster ETG sample 
in either method. Only the Nel an et all d2005b RSG sample has a 
significantly (> 2a) positive slope in this relation. 

These relations imply three importa nt results. ( 1) RS Gs in 
nearby clusters - here represented by the lNelan et alj d2005h sam- 
ples, including the Coma Cluster itself - have a strong age-a rela- 
tion, such that low-a or low-mass galaxies hav e younger ages tha n 
high-CT or high-mass galaxies, as pointed outbv lNelan et al.l (2005). 
(2) Taken together, samples of ETGs in the Coma Cluster show no 
significant age-cr or age-mass relation. (3) ETGs in the field show 
an age-cr relation as strong as the Coma Cluster RSG sample of 
INelan et alj i ]2005l) . Results (1) and (2) are apparently contradictory 
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- why should RSGs show a strong age-tr relation while ETGs show 
no such relation? In advance of a full discussi on in £|5.3| a differ- 
ence in emission-line corrections between the iNelan et alJ J2005h 
RSG sample and the ETGs sample is likely to be the cause, not a 
real age-cr relation in the RSGs. We are therefore again faced with 
the conclusion that prediction (i), the downsizing of the stellar pop- 
ulation ages of ETGs, is apparently violated in the Coma Cluster. 



5 DISCUSSION 

In SjT]we made three predictions for the stellar populations of ETGs 
- early-type galaxies, galaxies morphologically classified as ellip- 
tical or SO - in high-density environments: (i) low-mass ETGs in 
all environments are younger than high-mass ETGs (a prediction 
that we have called downsizing in this work); (ii) ETGs in high- 
density environments are older than those in low-density environ- 
ments; and (iii) massive ETGs in high-density environments have 
a smaller spread in stellar population age than lower-mass ETGs 
and those in lower-density environments. We recall that our predic- 
tions are based on associating ETGs - early-type galaxies, galax- 
ies selected to have elliptical and SO morphologies - with RSGs - 
red-sequence galaxies, galaxies selected by colour to be on the red 
sequence - and using the results of high-redshift observations and 
the predictions of semi-analytic models of galaxy formation. 

We found in 2] that ETGs in the Coma Cluster have a mean 
age of 5-7 Gyrs (including line-strength index calibration uncer- 
tainties but not model uncertainties) and appear to be drawn from a 
single-aged population. Further, the age scatter decreases with in- 
creasing mass. Finally, while we do find a Z-plane for Coma Clus- 
ter ETGs and RSGs, we find no evidence of an age-cr or age-mass 
relation for the ETGs. Therefore ETGs in the Coma Cluster ap- 
pear to follow prediction (iii) and (perhaps) prediction (ii) but vi- 
olate prediction (i). In this section, we discuss first what we mean 
by 'age' for old stellar populations, then discuss why we appear 
to disagree with previous studies that found downsizing in high- 
density environments, what the mean SSP-equivalent age of the 
Coma Cluster ETGs implies for their formation, and finally spec- 
ulate about the origin of the Z-plane, and mass-metallicity and 
[E/Fc]-ct relations. 

5.1 What are we measuring? 

A worry with stellar population analysis of non-star-forming galax- 
ies based on their Balmer-line strengths has long been that these 
lines reflect not younger (intermediate-aged) main-sequence turn- 
off st ars but some oth er hot population, such as blue stragglers 
(e.g., [Rose 1985 , 1 19941 Pa per I) or blue horizontal branch stars 
(e.g.. iBurstein et al.l 1 19841 ; Paper I; [Maraston & Thomas! l200d ; 
ITrager et al.ll2005l , and references therein). Such populations have 
Balmer-line strengths comparable or stronger than intermediate- 
aged main-sequence turn-off stars and should significantly alter the 
observed 'ages' i f present in large eno ugh (in luminosity-weighted 
terms) numbers. ITrager et alJ d2005h showed in detail that blue 
horizontal-branch stars actually affect inferred metallicities more 
than ages, based on observations of blue absorption lines in the 
present sample. Intermediate-aged populations are therefore still 
required for the LRIS sample. Thus we believe that our age esti- 
mates are not affected by hot blue stars that are not intermediate- 
aged main-sequence turn-off stars. 

However, it must always be remembered that the ages, metal- 
licities, and enhancement ratios we measure with our methods are 
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Figure 11. The virial mass-to-light ratios in the B-band of our LRIS sample 
ETGs as a function of the stellar mass-to-light ratios as determined from the 
best-fi tting SSP models. The W94 models are computed using a;Salpetei 
(195^) IMF, represented by the solid (one-to-one) line. Using the [Kroupa 
120011) IMF decreases the SSP model mass- to-light ratios by ~ 30 per cent 
(Alog(M/L) ~ -0.16, ICappellari etalj |2006). as shown by the dotted 
line. The arrows represent the effect of different star formation histories on 
the mass-to-light ratios: Bl and B2 are bursts occurring 1 and 2 Gyr ago on 
top of a 12.3 Gyr-old population, resulting in tgSP = 5 Gyr; Q c and Q m 
are quenching models with the same tgSP = 5 Gyr. All of the arrows have 
the same starting location and so have lengths Q c > Q m > Bl > B2. 
We note that if all the galaxies have a Kroupa IMF and also contain 30 per 
cent of their mass in dark matter within the 2'.' 7 aperture used to measure 
the line-strengths, they should lie on the Salpeter IMF line. 

SSP-equivalent parameters. We first ask if it is possible that the 
galaxies can in fact be the single stellar populations we have as- 
sumed in our modelling. A simple test of this model is to ask 
whether we can reproduce the virial mass-to-light ratios derived 
in i)2. 51 using SSP models. We compare the inferred stellar M/L 
ratios with the virial M/L ratios in Figure [TT1 Three points can 
be gleaned from this figure: (a) the Salpetej d 19551) IMF appears 
to be unphysical for these galaxies, given the presence of many 
galaxies to the right of the Sal peter IMF line . Therefore, as in 
ICappellari et al.l (2006), we take a lKroupal d200 lh IMF to be a better 
representation of the (low-mass star) IMF than the Salpeter IMF; 
(b) even assuming a small amount (30 per cent) of dark matt er 
within the observed radius in each galaxy ( Cappellari et al. 20060 
most of the galaxies have SSP-equivalent stellar M/L ratios too 
low for their virial M/L, suggesting that a complex star-formation 
history is required in these galaxies; and (c) quenching (arrow Q c 

and Q m ) appears to be too extreme for most of the galaxies. 

We have further examined the GALEX jMartin et all 120051) 
photometry of galaxies in the LRIS sample as a probe of young, 

9 This might even be a little extreme, as the Cappellari et al. 1 2006) results 
are based on M/L ratios within one r e , while our apertures are in general 
closer to r e /2. 
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hot stars. Only three of our galaxies - GMP 3414, GMP 3565, and 
GMP3664 - have GALEX photometry publicly available in GR3. 
(Unfortunately, the bright star HD 112887 prevents GALEX from 
observing the are directly around the cD galaxy GMP 3329=NGC 
4874.) Of these three, only GMP 3565 is 'UV-strong' in the nota- 
tion of lYi et alj d2005h - (FUV - r) < 5 and (NUV - r) < 4 
mag - indicating very young (t ~ 0.1 Gyr) stars. A total of five 
galaxies in all of the ETGs with line strengths considered in this 
study (from all sources) are in this 'UV-strong' class, and their H/3- 
strengths and ages are uncorrelated with their UV-opti cal colours. 
Using t he more generous 'young' galaxy criterion of lKavirai et al.l 
d2007al) - (NUV — r) < 5.5 mag - 51 galaxies in the total sam- 
ple are 'young' (out of 109 with NUV photometry), although only 
17 have (NUV — r) < 5 mag and only eight (including GMP 
3565 in the LRIS sample) lie significantly off of the NUV — r 'red 
sequence'. This may suggest that very young populations are not 
significantly contaminating our age estimates. 

Clearly therefore the populations of E TGs are more com- 
plicated than single- b urst population s (e.g. iFerreras & Yil |2004| ; 
|Pe Lucia et "al] |2006l) .ls erra & Tragerl d2007l) have explored two- 
burst 'frosting' models and Trager & Somerville (in prep.) explore 
more complicated star-formation histories using semi-analytic 
galaxy formation models. Taken together these studies find that 
SSP-equivalent [Z/H] and [E/Fe] represent their luminosity- 
weighted quantities. SSP-equivalent age, however, represents a de- 
generate mixture of recent star-formation age and burst strength, as 
suggested in Paper II. Moreover young and intermediate-aged pop- 
ulations contribute much more to the age-sensitive line strengths 
than is suggested by the phrase 'light- weighted', because younger 
populations have much higher mass-to-light ratios in the Balmer 
lines than old populations. This is why small 'f rostings' of re- 
cent star formation (Paper II; Gebhardt et al. 2003) or recent trun- 
cation of 'quenching' of previously-on-go i ng star formation ( e.g., 
ICouch & Sharpie! 19871 : [Bell et al]|2004bl : lHarker et alj|200d and 
many others) lead to much younger SSP-equivalent ages. 

As a simple example, a two-burst model with 98 per cent 
of the mass in an 12 Gyr-old population (a formation redshift of 
zj =4) and the remaining 2 per cent of the mass in 1 Gyr popu- 
lation (a burst redshift of zt = 0.08) results in an SSP-equivalent 
age of 5 Gyr. Note that as the young population becomes older, 
much more mass is required: for a 2 Gyr old burst (a burst red- 
shift of Zb = 0.16), 12 per cent of the stellar mass needs to be in 
the younger population for this population to also have an age of 5 
Gyr. The effect of these two-burst models on the stellar M/L ratios 
are shown in FigureQT| clearly reducing the stellar M/L ratios by 
the addition of much brighter, slightly more massive stars. 

As slightly more complex examples, we construct two sim- 
ple 'quenching' models. In this sort of model, a galaxy forms stars 
- perhaps with a constant star formation rate, or with a declining 
rate - until star formatio n is suddenly truncated (e.g., iBell et all 
l2004bl : I Faber et al. 1 120071) . We assume that a galaxy starts form- 
ing stars at z — 5 (a lookback time of 12.3 Gyr in our assumed 
cosmology) and ceases forming stars at some 'quenching redshift' 
z q corresponding to a 'quenching age' (lookback time) of t q . We 
then ask what its SSP-equivalent age tssp is today. In the first 
model, we assume that the galaxy forms stars at a constant rate 
from z = 5 to z,; this is model c (for constant star fo rmation), 
typical of the star-form ation histories of Sc disc galaxies dSandagd 
1986; Kennicut 3 119981) . In the second model, we assume that the 
galaxy forms stars at rate that follows t he star forma t ion hi story 
of the Universe - the 'Madau plot', afterlMadau et all j 19961) - as 
parametrised by Hop kins & Beacon] j2006h : this is model m (for 
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Figure 12. The relation between present-day SSP-equivalent age tsSP an d 
(left panel) quenching redshift z q and (right panel) quenching time t q . 
In each panel, the solid line represents quenching models with constant 
star formation from z = 5 to z q , while the (red) dashed line represents 
quenching mod els with star formatio n that follows the 'Madau plot' (as 
parametrised bv lHopkins & Beacoml20o5 see text). The dashed line in the 
right panel is equivalence between tssp and t q . 



Table 8. SSP-equivalent, mass-weighted, and B-band light-weighted ages 
of quenched galaxies 
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1.0 
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6.32 
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9.66 


9.46 


7.0 


0.833 


9.09 


9.43 


9.21 


9.63 


9.83 


9.66 


7.5 


0.945 


9.55 


9.72 


9.55 


9.88 


10.00 


9.86 


8.0 


1.072 


9.92 


10.02 


9.88 
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10.98 


10.5 


2.166 


11.36 


11.39 


11.37 
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11.26 


11.24 


11.0 


2.587 


11.63 
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11.64 


11.52 


11.53 


11.52 


11.5 


3.174 


11.88 


11.91 


11.91 


11.81 


11.83 
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Model galaxies are assumed to begin star formation at z = 5 (lookback time 
of 12.3 Gyr). Columns.- (1) Quenching time. (2) Quenching redshift. (3) 
Present-day SSP-equivalent age of composite stellar population for constant 
star formation model (c). (4) Present-day mass-weighted age of composite 
stellar population for constant star formation model. (5) Present-day B- 
band light-weighted age of composite stellar population for constant star 
formation model. (6)-(9) As in columns (4)-(6) for Madau-curve model 
(m). See text for details. 

'Madau'), and is similar to the star-formation histo ries of early-type 
(Sa-Sb) spirals (Sandage 1986; Kennicutt 1998). In both models 
we assume star formation is stopped completely at z q with no as- 
sociated burst. We further assume no chemical evolution; rather, 
we assume that [Z/H] = [E/Fc] = dex at all times (an unre- 
alistic assumption!). The results are plotted in Figure[72land tabu- 
lated in Table[8] We see that the SSP-equivalent age tssp is a good 



20 S. C. Trager, S. M. Faber & A. Dressier 



A(B - V) = -0.2 jButcher & Oemleill 19841) . corresponding to 
A(U — B) — —0.036 - str ikingly similar to the typi cal scatter in 
the red sequence (as desired lButcher & Oemler 1978). The simple 
quenching model remains a 'blue' Butcher-Oemler galaxy until as 
late as z — 0.09, significantly belo w z a = 0.25 (a total time o f 
1.8 Gyr). Therefore, as suggested by van Dokkum & F ranxl J200lh . 
quenched galaxies must continually join the red sequence at all red- 
shifts to preserve the observed tight red sequences in clusters. 



5.2 The mean age of Coma Cluster ETGs 



Figure 13. The deviation of rest-frame U — B colour from a typical red se- 
quence galaxy as a function of redshift z for a 12.3 Gyr-old galaxy quenched 
at z q = 0.25, having formed stars at a constant rate before that. The red 
sequence galaxy is assumed to have formed 6.5 Gyr ago (zf = 0.74) and 
so has the same colour as the quenched galaxy at z = 0. The dotted line 
at A(U — B) = —0.0 30 is RMS dispersion of cluster red sequences from 
Ivan Dokkum & Franxl feOOlh and the dashed line at A(U — B) = -0.036 
corresponds to the Butcher & Oemler 1 1984) division between red and blue 
galaxies at A(B — V) = —0.2. Note that the colour difference becomes 
larger than both of these divisions at z > 0.09. 



tracer of the quenching time t q or redshift z q , although tssp > tq 
at all ages in these models. This is due to the composite nature of 
tssp, in which stars of all ages contribute to the age indicators (here 
H/3). However, in nearly all cases, tssp < Im.b, where tm and ts 
are the mass-weighted and B-band-luminosity-weighted ages, be- 
cause the youngest populations contribute most to tssp due to their 
low mass-to-light (high light-to-mass) ratios. We show the effect of 
these models on the stellar Af/L ratios in Figure [TTJ model c ap- 
pears to be too extreme if dark matter is present within the observed 
apertures of these galaxies, but model m is possibly consistent with 
the observed trend for most galaxies. 

These simple models point out that recent 'quenching' can 
produce significantly younger populations, as measured by the 
line strengths, than might be expected from a simple mass- or 
light-weighted estimate (cf. lHarker et alj|200d) . An advantage of 
quenching models is that relations like the mass-metallicity and 
the [E/Fe]-cr relation are generated naturally from the progenitors, 
which already possess these relations ( i|5,4l below). There is a prob- 
lem with such simple quenching models, however. If the galaxies 
have continuous (if not constant) star formation before quenching, 
they are quite blue for a significant period after quenching. We 
compare the rest-frame U — B colour evolution of a model c galaxy 
quenched z q — 0.2 (t q — 3 Gyr) with an SSP galaxy with the same 
colour at z = 0, which has tssp = 6.5, in Figure[T3] We show also 
the typical scatter in rest-frame U — B in the red sequences clus- 
ters at z < 0.8, au-B ~ 0.03 ( Ivan Dokkum & FranxlPiOOlh , and 
the Butcher-Oemler colour division between red and blue galaxies, 



In £14.21 we found a mean age of logr. = 0.72 ± 0.02 dex, or 
5.2 ± 0.2 Gyr, for the high-precision and high-accuracy LRIS 
ETG sample, and that we could accept a mean age as old as 
7.5 Gyr. Such a young mean age of the Coma Cluster ETGs - 
5-7 Gyr, including calibration uncertainties - is surprising. We 
must ask whether we see other 'young' ETGs in other clus- 
ters at the same masses? We certainly see signs of recent star 
formation and accretion activity in massive galaxies at the cen- 
tres of clusters: t he young globular clusters in NGC 1275 (Pe- 
gasus A: see, e.g.. Irloltzman et alj[l992l : ICarlson et alj|l998l) : the 
multiple nuclei of NGC 6166 (the cD of A bell 2199: see, e.g., 
lMinkowski|[l96ll : lTonrvlll984l : lLauej|l986l) and indeed of many 
other c D galaxies, m ore than half of which are likely gravitationally 
bound dTonrvlll985l) : and the depressed Mg 2 and D4000 indexes 
found in the central g alaxies of cool-core clusters, indicative of re- 
cent star formation dCardiel. Gorgas. & Aragon- Salamanc ai ll995l 
1998). These galaxies appear to have recently-formed stars accreted 
from smaller objects. On the other hand, the presen ce of young 
low-mass ETGs has been noted for some time (e . g.. iRosdl 19851 
199 4 iGonzale j 1 19931: iTrager et al.l 1 19931 l2000bl: Icaldwell et al l 

i et alJbOOa 



20031 : iThomas et alj|2005l : iNelan et alj|2005l : iBer nardi 1 



just to name a few st udies), and these gal axies may have formed 
their stars in situ (e.g., lThomas et all [2005). But the striking result 
here is that the massive but not central ETGs in the Coma Cluster 
have (on average) young SSP-equivalent ages. 

If we apply to the 'quenching' models described in i)5.1| above, 
we find that model c, constant star formation followed by sudden 
quenching, predicts a quenching redshift of z q ~ 0.25-0.43 (Ta- 
ble [8); model m predicts a much more recent quenching epoch, 
z q ~ 0.08-0.2. It appears from these models that Coma Clus- 
ter ETGs have recently been quenched by some process. For ei- 
ther model, such a recent quenching epoch suggests that the galax- 
ies either just arrived on (model c) or should still be too blue for 
(model m) the red sequence, and that there will be no red sequence 
in the Coma Cluster at z > 0.2 if all of the ETGs quenched at 
the same, very recent time. We certainly do not see a large pop- 
ulation of 'young' or blue ETGs in intermediate-redshift clusters, 
at least at moderate-to-high ETG masses, as judged from stud- 
ies o f the evolution of galaxy colours (e .g., Butcher & Oemlei 
Il978t 11984 I Ellis ct al. 1 1 19971 : IStanford, Eisenhardt, & Dickinson 
Il998l). the Fundamental Plane (e.g., van Dokkum & Franx 1996; 
van Dokkum et alj[l998lll999l;lvan der Wei et alJl2004l:lTreu et all 

2005) , mass-to-light ratios l lvan der Marel & van Dokkuml 120071). 
and a bsorption-line strengths jj0rgensen et alj 20051 : iKelson et al.l 

2006) . The majority of the mas sive galaxies in intermediate- 
redshift clusters are quite red (e. g., lButcher & Oemleril 197811 19841: 
lEllis et al.lll997l : lYee et alj20 05). with very few, if any, blue galax- 
ies among the bright (L > 2L*) population. We therefore consider 
such extreme quenching models ruled out. 

If we adopt instead a two-burst model of star formation in 
Coma Cluster ETGs and assume an mean age of 5 Gyr, we require 
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that 2 per cent of the mass (in our 2'.' 7 aperture) in each galaxy was 
formed at z — 0.08 or 12 per cent of the mass at z = 0.16, while 
the rest of the mass formed at Zf =4 ( i)5.U . This scenario allows 
for most of the mass to be formed at high redshifts while requir- 
ing on ly small bursts of recent star formation. Moreover, lYi et al.l 
(2005) have shown that the FUV- and NUV-optical colours of mas- 
sive early-type galaxi es suggest tha t 15% o f these objects have had 
recent star formation. lKavirai et al.l J2007bl) have shown further that 
truly passive evolution of ETGs is in conflict with the evolution of 
their rest-frame UV-optical colours, such that 5-13 per cent of the 
entire mass in ETGs at 0.5 < z < 1 resulted from star forma- 
tion events less than 1 Gyr previous to the epoch of observation, 
although this number decreases by a factor of two by z = 0. They 
suggest that massive ETGs have formed 10-15 per cent of their to- 
tal mass since z = 1, while low-mass ETGs have formed as much 
as 60 per cent of their mass in that time. We note however that their 
sample considered is a field sample, unlikely to contain a signifi- 
cant number of cluster galaxies. 

Simplistically, in the two-burst case, we require that most 
ETGs in the Coma Cluster suffered an event that either triggered 
star formation simultaneously at redshifts in the range z ~ 0.1- 
0.2. This agrees well with the observation bv lGerhard et alj fe007h 
that 'perhaps 30 per cent' of galaxies in the core Coma Cluster are 
involved in an on-going subcluster merger, suggesting that 'Coma 
is forming now!' (their emphasis). Our results support the view that 
the Coma Cluster is a very active region, with a large fraction of the 
ETGs within rw/3 having suffered star formation recently, at red- 
shifts around z ~ 0.1-0.2. However, this scenario also requires 
there to be a significant population of blue galaxies at all masses 
in the Coma Cluster at those redshifts - which we have said above 
is unlikely, given the relatively tight red sequences in intermediate- 
redshift clusters. 

There is also the possibility that we have been unlucky with 
our sam ple selection. The mean ages of the Sanchez-Blazque z et al.l 
(2006b) Coma sample deviate from the other Coma ETG samples, 
as is c lear from Ta ble[6](ignoring for present the red-sequence sam- 
ple of lNelan et al1l2005l) . However we have found that the ages of 
four of the five galaxies in common (GMP 3254, 3269, 3639, and 
3664) are the same within la, and the fifth, GMP 3329 (=NGC 
4874), has a younger age but a higher metallicity from our data 
as a result of a higher Mg b - but nearly identical H/3 - strength 
in the LRIS data. It is notable that the four galaxies in common 
wit h the same ages in both sam ples are among the youngest in 
thelsInchez-Blazquez et al. (2006b) sample, and thus we may have 
been unlucky to select an unrepresentative sample of galaxies in 
the cluster. On the other hand, we note here that 20 per cent of 
the Sanchez-Blazquez et al. (2006b) sample (7/35 galaxies) have 
ages that are more than lcr older than 14 Gyr - and th erefore older 
than current estimates of the age of the Universe ( Sper gefet al.l 
20071) - using the vani l la W94 models. This suggests that the 
Sanchez-Blazquez et alj (2006b) galaxies may be on average too 
old, and that this is likely due to uncorrected emission. We there- 
fore consider that their old mean age of 12.3 Gyr (after correct- 
ing for a reasonable amount of intrinsic scatter; the weighted mean 
without this correction is > 18 Gyr, older than the oldest models 
and significantly older than the present age of the Universe) may 
be unreliable. 

We are left with a conundrum: we either were very unlucky in 
our sample selection or we require Coma Cluster galaxies to form 
stars over an extended time in such a way as to 'conspire' to have 
the same tssp today but not produce too many blue galaxies at rel- 
atively recent lookback times. As we noted above, massive, central 



galaxies have young stars apparently acquired through accretion, 
while low-mass galaxies may have just shut down their internal 
star formation; perhaps these process have gone on independently 
and we have just chanced upon the right time to see them all have 
the same age. The increased scatter in the ages of low-mass Coma 
ETGs (Fig. [8} suggests that the process of shutting down star for- 
mation in the low-mass galaxies is an extended process, and we 
may have just gotten lucky in finding the ages well-synchronised. 

Finally, we find a mean age of logt = 0.70 ± . 01 dex , 
or 5.0 ± . 1 Gy r, for the field sample of iGonzalej d 19931) , 
Fishe r et al. | dl996h . and iKuntschnej (2000), completely consis- 
tent with the age of the LRIS ETG sample, and consistent 
with the typical ages of nearly all of the Com a Cluster ETG 
samples (except Sanchez-Blazquez et al. 2006 bJ; see Tab le [6). 
Thus, unlike iThomas et all d2005h . iBernardi et alj d2006h and 
ISanchez-Blazquez et alj 1 2006ch . we find no significant difference 
between field and cluster ETGs, although this is strictly true only 
for the Coma Cluster. 



5.3 Downsizing in the Coma Cluster or not? 

One of our three robust predictions for the stellar populations of 
local RSGs - and by assumption, local ETGs - is that low-mass 
RSGs and ETGs are younger than high-mass RSGs and ETGs. In 
f[T]we called this phenomenon downsizing by analogy with the de- 
crease in specific star formation rate with decreasing redshift. In Sj4] 
we find no evidence of an age-mass or age-cr relation at the > 1.5<r 
level (ignoring model variations) in any of the Coma Cluster ETG 
samples. How ever, we do find sig nificant age-cr and age-mass re- 
lations for the iNelane t al. (2005) Coma Cluster RSG samp le and 
a significant age-cr relation for the entire Nelan et al. (2005) clus- 
ter RSG sample and in the lThomas et alj d2005f) high-density ETG 
sample. 



5.3.1 Why does the Coma Cluster not show downsizing? 

One possibility is that the C oma Cluster is som ehow special, be- 
ing a very rich cluster. In the lNelan et alj d2005h sample, it has the 
twelfth-highest cluster velocity dispersion and is the fifth most-X- 
ray-luminous cluster in the full sample, and it is the X-ray brightest 
and most massive cluster at czhei < 10000 kms -1 . Because of 
its richness and velocity dispersion, it might be expected to contain 
old galaxies with little recent star formation. We have examined the 
age-cr relations for both the falZ iNelanetai] d2005l) sample, con- 
taining nearly 3500 RSGs (after removing galaxies contaminated 
by emission) in 93 clusters, and that sample restricted to just the 
Coma Cluste r (97 RSGs) . We fi nd a significant age-cr relation for 
both the full iNelan et al. (2005) s ample - using the 'differential' 
method described bv lNelan et alj 12005J) and using the W94 mod- 
els, we find t oc <t°- 58±0 " 



' - and for the restricted Coma Clus- 
ter sample - t oc (j ' 39 ± - 12 . xhe relation for the Co ma Cluster is 
only m arginally shallower than that found for the entire Nel an et all 
(2005) sample: a slope difference of 0.1 9±0.19. We suggest below 
that the significant age-cr slope for the INelan et alj {2005) Coma 
Cluster sample may be due to a lack of emission-line correction in 
the Balmer line strengths of that sample, which is also true for the 
entire sample. If the Coma Cluster RS Gs truly possess an age-cr 
relation, the results of lNelan et alj (2005J) and our analysis suggest 
that its slope is cannot be much shallower than that of RSGs in typ- 
ical high-density regions. This suggests that the lack of an age-cr 
relation for the ETG samples is not due solely to the overall rich- 
ness of the Coma Cluster. 
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Another possibility is that galaxies in the centre of the Coma 
Cluster are preferentially younger than the cluster as a whole. 
Studi es of the diffuse light in the centre of the Coma Cluster 
(e.gjThuan & Kormendvlll97llGr"egg & Westll 19981; lAdami et all 
l2005al lal) and intracluster planetary nebulae l Gerhard et alj 2007D 



suggest that the centre of the Coma Cluster i s a violent place, wit h 
a m assive on-going me rger of a subcluster dGerhard et ai"1l2007l) . 
The lMoore et al] J2002T ) sample however covers t he inner 1° of the 
cluste r, which corresponds to a radius of r V i r /3 t'Lo kas & Mamonl 
l2003h . We find no age-cr, age-log M, nor age-log Md yn relation 
in this sample, and so a seriously different age of the centre - older 
or younger - is unlikely. 

Finally, we note that we are not the first to find a flat age- 
cr relation in cluster ETGs, no r even in Coma Cluster ETGs. 
Sanchez-Blazq uez et aD J2006bllch have claimed that there is no 
age-a relation in cluster ETGs, although there is a significant dis- 
persion (and many of their galaxies appear to be too old, as dis- 
cussed in §5. 21 above). Their cluster ETG sample is dominated by 
Coma galaxies (with a non-negligible minority of Virgo galaxies as 
well) and therefore is a simi lar result, wi t h a di fferent mean age, to 
ours. As mentioned in JQ Ke lson et alj J2006h have also recently 
shown that the age-cr relation for ETGs in the cluster CL 135 8+62 
at z = 0.33 is flat. Although they suggest that this is due in part to 
a different method for correcting the line-strength indexes for the 
effects of velocity dispersion (see Appendix IA4t . their Figure 10 
shows that this correction is a minor effect and that the ETGs in 
that cluster do not show a significant age -cr relation. Some a mount 
of caution must be taken here, though, as lKelson et alj {2006) came 
to this conclusion using only the blu e indexes (H(5-C24668) due to 
the re dshift of the cluster. Further, Iva n der Mar el & van Dokkuml 
J2007I) have used resolved internal kinematics of ETGs in clusters 
at z ~ 0.5 to probe the evolution of rotation-corrected dynamical 
mass-to-light ratios. They find no evidence for change in mass-to- 
light ratio with velocity dispersion as a function of redshift. This 
suggests that age and velocity dispersion are not correlated in that 
sample, as mass-to-light ratios are more s ensitive to age than to 
metallicity dGonzalezll 1 9931 : 1 Worfhevll 1 994) . 



5.3.2 Why do we disagree with \Thomas et alU2005\) ? 

We now ask whv lThomas et al] (2005) find an apparently signifi- 
cant slope in the age-cr relation for ETGs in high-density regions 
while we do not find one for ETGs in the Coma Cluster. We note 
that their high-density ET G sample contains Coma Cluster ETGs 
from lMehlert et alj d2003l a compilation of aperture-corrected data 
fromlMehlert et al.|200d) , VirgcQand Pegasus Cluster ETGs from 
Gonzalez ( 1993) , and a collect ion of mostly compact group galax- 
ies from iBeuing et alj J2002h . We show the age-cr data from 
iThomas et alj d2005h in Figure [14] If we consider o nly the Coma 
Cluste r galaxies in their sample - the ETG sample of Mehlert et al. 
(2000) - we do not find an age-cr relation. As lThomas et alj (2005) 
did not publish error bars or confidence levels on their age-cr rela- 
tion, it is difficult to infer the robustness of their result. We therefore 
cannot say with confidence whether our conclusion truly disagrees 



10 Note that the field g alaxies NGC4261 an d NGC 4697 are included in the 
high-density sample of Thomas et al. 1 2005), apparently mistaken as Virgo 
Cluster galaxies, and the galaxy NGC 636 a ppears twice in thei r low-density 
ETG sample, taken once each from [Gonzalez J 19931) and IBeuing et alj 
l2002h . 
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Figure 14. The age-cr relation for the high-density s ample oflThomas et alj 
J2005h . Diamonds ar e Coma Cluster ET Gs from iMehlert et alj J2003h . 
base d on the sampl e of Mehlert et al. (2000), open squares are clu ster ETGs 
from l Beuing et alj 120021) . and triangles are cluster galaxies from lGonzalej 
1 1993, mostly Virgo cluster galaxies). 



with their findings, but we suggest that the IMehlert et alj ( 2000) 
data do not by themselves support downsizing in the Coma Cluster. 



5.3.3 Why do we disagre e with the Coma Cluster RSGs of 
\Nelanet al\\200i) ? 

We next ask why we find a significant age-cr relation for the 
iNelan et al] d2005l) Coma Cluster RSG sample but not for the any 
of the Co ma Cluster ETG sam ples. We compare the large ETG 
sample of Moo re et al] d2002l) with the INelan et alj (2005) sam- 
ple in Figure [15] for the 71 galaxies in common. In the top and 
middle rows, we compare the inferred a ges of the two samp les. In 
the top row, we compare the ages of the lMoore et al. I J2002T) sam- 
ple, uncorrec ted for emiss i on-lin e fill-in of H/3, with those of the 
(uncorrected) INelan et"aT I d2005l) sample. Apart from a few out- 
liers [and neglecting the strongly deviant galaxy GMP 2921=NGC 
4889, which has been removed in panels (a)-(f)], the ages of the 
two samples are very comparable: the middle panel shows the dif- 
ference in ages in the samples as a function of velocity dispersion. 
We do not find a significant slope dif ference between the samples, 
merely a small offset, such that the INelan et al] d2005h ages are 
Alogi = 0.18 ± 0.13 dex ( 66 ±31 per cent) older than the 
uncorrected iMoore et alj d2002l) ages. It is important to note that 
INelan et al] d2005h rejected galaxies with EW(H/3) < -0.6 A 
(and EW([OlIl]) < —0.8 A) from their sample. No galaxy in 
the Coma Cluster has such strong emission, but ce rtainly small 



amounts of emission are detected in both the LRIS and Moore et al 



(2002) samples. In fact, ten galaxies (out of 97) in the lNelan et al 



(2005) data set have detectable emission with EW(H/3) < -0.2 
A, sufficient to make these galaxies have older SSP-equivalent ages 
than if their H/3 strengths had been corrected for this emission. 
In the midd l e row of of Figure Q3] we compare the ages of the 
IMoore et alj d2002l) sample, corrected for emission-line fill-in of 
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Figure 15. A comparison of ages and emission- line strengths of the lMoore et"ai] J2002h ETG and Nel an et alj i2005h RSG samples for galaxies in common. 
Panels (a )-(f): A compariso n of galaxy ages in the samples. In these panels, the strong o utlier GMP 2921 (= NGC 4889) has been removed: its age inferred 
from the iNelan et al J J2005t) data is nearly ten times higher than that inferred from the [Moore et al . 12002) sample, with very small formal errors in each 
sample. The dashed lines represent equality in the ages. The solid lines in panels (b) and (e) are fits to the age differences as a function of log cr, accounting 
for errors al o ng bo th axes; the slope of the fit in panel (e) is significant, but that in panel (b) is not. In panels (a)-(c) (top row), the H/3 strengths of the 
Moore et al. 12002]) galaxi es have not been c orrected for emission, while such a correction has been made in panels (d)-(f) (middle row). Note that the 
SSP-equivalent ages of the lNelan et alj {2005) sample are on average older than those of the lMoore et alj |2002) for galaxies in common, even without the 
emission-line correction of H/3. Panels (c) and (f) show the age-cr relations for the two samples for galaxi es in comm on to both samples. A comparison of 
panels (b) and (e) s how that neglec ting the emission-l ine correction can impose an age-cr relation on the lNelan et alj 12005) RSG sample. Black diamonds: 
llvloore et alj 120021) ; red triangles: Nelan et al. (2005). Panels (g)-(i): A comparison of emission-line strengths in the samples. (GMP 2921 is included in 
these panels.) Panels (g) and (h) compare the e mission line st rengths of the two samples. The predicted H/3 emission-line strength of the Moore et al 1 i2002l) 
sample, -EW(H/3) = -0.6 X EWQOlIl]) forager et art 2000a). is plotted as a function of the measured H/3 emission-line strength in panel (h). The 
correlation between the samples is stronger in panel (h) but only marginally significant there (4 per cent probability of being uncorrelated). Panel (i) shows 
that EW([0 III]) is strongly correlated with cr in the Nelan et al. (2005) RSG sample, suggesting again that neglecting emission corrections may result in a 
false detection of an age-cr relation. 
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Table 9. Deviations from red sequence by morphological type 
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Figure 16. The colour-magnitude relation of Coma Cluster galaxies coded 
by morphological type. Colours and magnitudes are taken from Beijersber- 
gen (2002) and morphologies from NED. Solid lines are a fit to the colour- 
magnitude relation; dashed lines are 0.2 magnitudes bluer. Galaxies with 
types earlier than Sd and Irr galaxies are labelled with their morphologi- 
cal type (I=Irr); Sd and spiral galaxies without specific type are labelled as 
Galaxies without morphological type in NED are labelled as "u". Top 
panel: E-SO/a galaxies. Middle panel: Sa-Sbc galaxies. Bottom panel: Sc- 
Irr galaxies and galaxies with unknown morphological types. 



H/3 using the prece pts oflTraser et alJ l2000al . see ^2A\ , with those 
of the (uncorrected) N elan et al. U2005T) sample. In panel (e) we find 
a strong discrepancy in ages which grows stronger with increas- 
ing velocity dispersion. As we believe that an emission correction 
to H/3 should be applied, we suggest that the age-cr relation seen 
in the iNelan et ail d2005h RSG sample results from their lack of 
emission-line correction and is not intrinsic to their sample. 

Finally, in the bottom row of Figure [T5] we compare the 
emission-line strengths of [Om] of the two samples ( panel g), the 
predicted H/3 emission-line strengths of the iMoore et alJ (2002) 
sample with the measured H/3 emission-line strengths of the 
Nelan et al. I <2005h sample (panel h), and the variation in [Om] 
strength as a fu nction of ve l ocity dispersion (panel i). The [Om] 
strength of the INelan et al.l d2005l) sample is correlated with ve- 
locity dispersion, reinforcing our suggestion that the age-cr rela- 
tion found in that sample is an artefact of ignoring the (necessary) 
emission correction. Clearly, larger samples of high-signal-to-noise 
spectra with careful emissio n-line correction in the Balmer lines 
(using, say, the techniques of ISarzi et al.ll200rj) will be required to 
resolve this discrepancy completely - but even those techniques 
are imperfect, as shown by the fact that we detect [Om] but not 
H/3 emission in our galaxies (which we claim we should have, as it 
is nea rly imposs ible to have [Qui ] but not H/3 emission: I Yan et all 
2006) using the lSarzi et"ai] d2006j) method (Appendix lA2l. 

Although we suspect that emission corrections are the pri- 
mary cause of the discrepancy between the age-cr slopes - and 
thus the detection of downsizing - of all of the Coma Clu ster ETG 
samples and the age-cr slope of the INelan et"aL I d2005h sample, 
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Only galaxies with R, < 18 and A(B - R) > -0.2 included. 

it is possible that target selection could drive the difference. That 
is, are the stellar populations of RSGs intrinsically different than 
those of ETGs? Do colour and morphology drive the presence or 
lack of an age-cr relation? The si gnificant d i fferen c e between the 
INelan et ail d2005l) s a mple a nd the|j0rgensenl dl999l),|Mehlert et al.l 
d2000l) , IMoore et alJ d2002h . ISanchez-Blazquez et alJ d2006bl) , and 
LRIS samples is the colour selection of the NFPS galaxies and 
the morphological selection of all of the other samples. We note 
that the red sequence contains not only elliptical and SO galaxies 
but also disk-dominated early-type spiral galaxies (Fig. 1161 . We 
suggest here that a possible solution is that the presence of disc- 
dominated galaxies in the colour-sele cted sample s could be the 
cause of t he age-cr relation found by INelan et al] d2005l and by 
extension, Smith et al. 2006). In Table|9]we examine the deviation 
from the colour-magnitude relation of Coma Cluster galaxies as 
a function of morphological type for g alaxies that qualify as 'red- 
sequence galaxies' under the criteria of ISmith et alJ f2004h : redder 
than —0.2 magnitudes bluer than the mean colour-magnitude rela- 
tion in B — R. We find that mean deviations from the red sequence 
become bluer as morphological type becomes later, as might be 
expect ed, although the numbers are small. However, ISmith et all 
(2006) have examined the influence of morphology for a subset 
of NFPS galaxies by taking only those galaxies with quantitative 
morphologies and with B/T > 0.5 (about 35 per cent of the to- 
tal NFPS sample) and recomputing the log a-parameter relations. 
They find that a shift of one unit in B/T - i.e., going from pure 
disc to pure bulge - increases logt by 0.176 ± 0.026, which is 
not enough to e r ase th e age-cr relation. Moreover, virtually all of 
the INelan et alJ d2005l) Coma Cluster RSGs are ETGs (only two 
are typed as Sa in NED). We therefore come to the conclusion 
that the lack of em ission-line corrections to the Balmer lines in the 
INelan et alJ d2005h sample is likely to be the largest contributor to 
the difference between that sample and all the others, and that sam- 
ple selection - RSGs versus ETGs - is unlikely to play a significant 
role in that difference. 

To summarise this section, we find no evidence for an age-d- 
or age-mass relation in ETGs in the Coma Cluster. We suggest fur- 
ther that such a relation may not even hold for RSGs in the Coma 
Cluster, but this requires further high-quality data. We have referred 
to a significant age-cr relation with a positive slope as downsiz- 
ing of the stellar populations of local ETGs. We do not see sig- 
nificant evidence for such downsizing in Coma Cluster ETGs, and 
this is not the onl y environment where this seems to be the case 
dKelson et aTfeOQol) . We therefore come to the conclusion that our 
prediction (i) for the stellar populations of local ETGs in ^T]is vio- 
lated in the Coma Cluster. But we are still left with the question of 
where the old galaxies are. Have we just missed them, or are they 
not there, because all early-type galaxies have formed stars recently 
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enough that we see 'young' galaxies, as predicted bv lKavirai et al.l 
J2007bh ? 



5.4 The Z-plane and the [E/Fe]-cr relation in the Coma 
Cluster 

Finally, we turn to the two relations explored in detail in Paper II: 
the Z-plane and the [E/Fe]-<r relation. The Z-plane, as discussed 
above and in Paper II, says that there exists an age-metallicity anti- 
correlation at each value of a, with metallicity increasing with in- 
creasing a. Note that the Z-plane specifically decouples age and 
ct, as required from our discussion of the age-cr relation above. We 
plot a nearly face-on projection of the Z-plane - the age-metallicity 
plane - for our LRIS Coma Cluster and field ETG samples in Fig- 
ure[l7] The fact that the Z-plane and [E/Fe]-cr relation are seen in 
both field and cluster populations, as found in ^4. 3.11 suggests that 
they are a general feature of the stellar populations of ETGs and 
should therefore be understood in the context of galaxy formation 
models. 

What are the origins of Z-plane and [E/FeJ-er relations? We 
first consider a two-burst model, in which the majority of the mass 
of ETGs form at high redshift, followed by small bursts of star 
formation at z ~ 0.1-0.3, as discuss ed above. It is important to 
recall here that ISerra & Trager] ( 120071) have shown that the SSP- 
equivalent [Z/H] and [E/Fe] values are very nearly equivalent to 
their mass-weighted quantities. This suggests that the Z-plane (and 
[E/Fe]-a) relations in the Coma Cluster ETGs were put in place 
during the initial star formation phases at high redshift and were 
only mildly perturbed in the secondary star formation events, as 
long as these secondary events involve only small mass fractions. 
That is, the secondary bursts must have occurred very recently in 
order to keep the mass-metallicity and [E/Fe] -a relationships of 
Coma Cluster ETGs as tight as is found in Figure[l0] We discussed 
the origin of these relations extensively in Paper II. Here we remind 
the reader that apparently the only available scenarios are (a) early, 
metal-enriched winds that grow stronger with decreasing ETG ve- 
locity dispersion and (b) an IMF slope that becomes flatter with 
increasing ETG velocity dispersion. 

We have shown in i]5.2| above that all of the ETGs in the LRIS 
sample might be assumed to have quenched at z ~ 0.2 (although 
we have ruled this scenario out). Therefore they form a narrow 
strip in the age-metallicity plane, because they have nearly the 
same age. Then the question becomes why do they exhibit both 
a mass-metallicity (<r-[Z/H]) relation and a [E/Fe]-cr relation? 
In the context of the quenching model, this is because they came 
from bl ue, star-forming g alaxies that already exhibited these re- 
lations dFaber et al]|2007l) . We therefore speculate tha t the tr ends 
found in Paper II for field ETGs and by iThomas et alj ( 120051) and 
iBernardi et alj j2006) for both low- and high-density ETGs - high- 
er galaxies are older, more metal-rich, and have higher [E/Fe] - 
were also exhibited by their blue, star-forming progenitors. We 
already have evidence of that two of these relations are true for 
star-forming galaxies: th e larger a disc galaxy is, the redder it is 
(Roberts & Havnes 1994) - which m eans the stars formed earlier, 
as shown by dMacArfhur et alj2004h - and the more metal-rich it is 
dTremonti et al. 2004 , from SDSS emission-line spectra). We also 
know that the bulges of l arge spirals follow the [E/Fe] -a relation 
dProctor &"S ansom 2002). Therefore there is already enough evi- 
dence to assert that the compositions of ETGs are essentially em- 
bedded in their spiral galaxy precursors. If this is the case, that 
what we are seeing in the LRIS sample is a set of objects of dif- 
ferent masses that all got quenched at about the same time. Their 



chemical compositions follow naturally from their velocity disper- 
sions. In order to fill out the Z-plane, then, one needs galaxies that 
quenched at different times, both earlier and later than our Coma 
Cluster ETGs - such as the field sample or the sample of Paper II - 
as seen in Figure[l7] This appears to be a more straight-forward ex- 
planation of our results than the two-burst model, because the pro- 
genitors are clearly identified as blue, star-forming galaxies which 
we know have the correct scaling relations. Moreover, quenching 
models of this sort also ex plain the evolution o f the morphology- 
density relation in clusters dDressler et alj|l997h . But we point out 
again that massive cluster ETGs are generally old at intermediate 
redshifts, as discussed above. The quenching model we consider 
here predicts rather that for the Coma Cluster, most of the ETGs 
were blue, star-forming galaxies very recently, which we have al- 
ready rejected in i]5.2| above. 

We are left in the position of having a reasonable explanation 
for the origin of the Z-plane - that is, that disc galaxies that already 
possess mass-metallicity and [E/Fe]-cr relations are quenched si- 
multaneously - that is ruled out by observations of intermediate- 
redshift clusters. We have begun to explore whether hierarchical 
galaxy formation models with detailed chemical evolution can pre- 
dict these relations (Trager & Somerville, in prep.; Arrigoni et al., 
in prep.). 



6 SUMMARY AND CONCLUSIONS 

In fJT] we made three predictions for the stellar populations of lo- 
cal ETGs based on observations of RSGs at high redshifts and the 
results of models of hierarchical galaxy formation: 

(i) lower-mass ETGs in all environments have younger stellar 
population ages than high-mass ETGs; 

(ii) ETGs in high-density environments are older than those in 
low-density environments; and 

(iii) massive ETGs in high-density environments have a small 
stellar population age spread compared with lower-mass ETGs and 
those in lower-density environments. 

We have tested these predictions using very high signal-to-noise 
spectra of twelve ETGs spanning a wide range in mass in the Coma 
Cluster surrounding and including the cD galaxy NGC 4874. Be- 
cause of the small size of this sample, we have augmented it with 
larger but less precise samples of ETGs and RSGs in the Coma 
Cluster. 

We find the following results. 

(i) Coma Cluster ETGs in the LRIS sample are consistent with 
a uniform SSP-equivalent age of 5.2 ± 0.2 Gyr (with a po ssible 
systematic upper limit of 7.5 Gyr using the I Worthevl 1 1 994l mod- 
els), which is identical within the formal errors to the average SSP- 
equivalen t age of a sample of field ET Gs dr awn from the samp les of 
iGonzalez! dl993l) . lFisher et alj dl99f3) . and lKuntschnerl d2000h . All 
Coma Cluster ETG samples are consistent wi th a single-age pop- 
ulation of galaxies, with the exception of the lMoore et alj ( 2002) 
sample, in which the elliptical and SO galaxies are each consistent 
with a single-age population. Differences in calibration onto the 
Lick/IDS index system and the treatment of possible emission-line 
corrections of the Balmer lines are primarily responsib le for differ- 
ences in the mean ages between samples. However, the Nel an et all 
(2005) RSG sample is inconsistent with a single-age population of 
galaxies. 

(ii) All Coma Cluster ETG samples are consistent with having 
no SSP-equivalent age-cr or age-mass relation. That is, we see no 
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Figure 17. The Z-plane for the LRIS Coma Cluster ETG sample (left panel) and our field ETG sample (right panel). Lines of constant cr, inferred from the 
Z-planes given in Table|7] are shown as dashed lines (bottom to top: 50, 150, 250, 350 kms -1 ). 



sign o f downsizing in C oma Cluster ETGs. This is not the case 
in the lNelan et al.l j2005h Coma Cluster RSG sample; however, we 
have shown that this due to neglect of emission-line corrections to 
the Balmer-line indexes in their sample. 

(iii) The large Coma Cluster ETG sample of jMoore et al.l (2002) 
is consistent with the dispersion of SSP-equivalent ages decreas- 
ing with increasing velocity dispersion. These age dispersions are 
typically smaller than those of our field ETG sample at the same 
velocity dispersion. 

(iv) Field ETGs and all Coma Cluster ETG and RSG samples 
show both a Z-plane and an [E/Fe]-a relation. 

Taken together, findings (i)-(iii) mean that predictions (i) and (ii) 
above does not hold for the stellar populations of Coma Cluster 
ETGs; only prediction (iii) holds. 

We have explored two galaxy formation scenarios to explain 
these results: (1) one in which old ETGs have recent burst of star 
formation triggered by an as-yet unidentified process and (2) one 
in which the on-going star formation in blue galaxies is suddenly 
shutdown and followed by passive evolution of these galaxies to be- 
come the ETGs we see today. We have ruled out the second, 'rapid 
quenching' model on the basis that intermediate-redshift clusters 
do not have large populations of the massive blue ga laxies im- 
plied b y this model (as previously remarked on by, e.g. jBell et al.l 
2004b). We therefore consider recent star formation on top of old 
stellar populations as being the preferred (but not ideal) model. 
This star formation either happened at z ~ 0.2 for most ETGs in 
the Coma Cluster or the star formation histories of the ETGs were 
more complex but 'conspire' to appear simultaneous using our line- 
strength dating technique at the present epoch. An open question is, 
where are the old Coma Cluster ETGs that did not suffer recent star 
formation? We do find a few galaxies in our sample (GMP 3269 and 
GMP 3484) whose 68 per cent upper limits on their SSP-equivalent 
ages approach or exceed 10 Gyr with the W94 models, but the av- 
erage age at all masses is, again, 5-7 Gyr. 

We however must pause and ask whether we have really ruled 
out downsizing in the Coma Cluster ETG population if all we are 



detecting is a 'frostin g' (to use the phrase of iTrager et al-fe OQOb; 
iGebhardt et ail 2003) of a few percent by mass of young stars on 
top of a massive population that formed at high redshift. Taking 
our very simple two-burst models - a young population on top of a 
12-Gyr-old population - at face value, we could say yes, that most 
of the stars formed at an early epoch regardless of their mass. This 
is contrary to our definition of downsizing. However, we could cer- 
tainly imagine more complicated 'frosting' scenarios in which low- 
mass galaxies formed the bulk of their stars later than high-mass 
galaxies - at, say, 8 Gyr rather than 12 Gyr - and then all (or at 
least most) of the galaxies had a later, small star-formation episode. 
We admit that it is difficult to test these models with the obser- 
vations we have pre sente d here. However, others - for example 
iThomas et al] j2005h and iNelan et al.l d2005h - have claimed that 
they observe downsizing of ETGs directly from their present-day 
line strengths. It is this precise claim of downsizing that we believe 
we have falsified, at least in the Coma Cluster. Even if these studies 
did show 'downsizing', the 'frosting' scenario calls into question 
whether this is the same 'downsizing' that is seen in lookback stud- 
ies, as it may only involve a small fraction of the mass. We suggest 
that at present perhaps only lookback studies (like those mentioned 
in iJT) can detect downsizing in the stellar populations of ETGs. 

Are stellar population studies of ETGs therefore not useful? 
We believe that they are, even if they only address a small fraction 
of the mass of the population. Our results suggest that something in- 
teresting has happened in the Coma Cluster ETGs that appears not 
to be reproduced by current galaxy formation models or expecta- 
tions from observations of high redshift galaxies. However, galaxy 
formation models have not (yet) examined the ages of ETGs in the 
same way as we determine them locally - i.e., they do not attempt 
to model tssp- We (Trager & Somerville, in prep.) are modelling 
line strengths and SSP-equivalent stellar population parameters to 
see if our predictions above are still valid when considering the 
observational quantities presented in this paper. By comparing the 
results of stellar population analysis of real galaxies to the stellar 
populations of model galaxies, we will be able to test the valid- 
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ity of our galaxy formation models, helping us to understand the 
formation processes in real ETGs. 

The formation processes of ETGs - those in clusters or in the 
field - are clearly more complicated than simple, rapid quenching 
of star formation leading to downsizing. Our results show that we 
can place new constraints on models of these processes. Of course, 
considering the ETGs in just one local cluster is a necessary but not 
sufficient step forward in understanding their formation and evolu- 
tion. Further clusters must be tested with data of the same quality 
that (or better than) we have presented here. 
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APPENDIX A: CALIBRATING ONTO THE LICK/IDS 
SYSTEM 

Al Initial calibration 

As described below, the wavelengths of the Lick/IDS system band- 
passes are defined relative to a few template stars. Moreover, the 
Lick/IDS system is defined at a resolution that varies from about 
8 A at 5000 A to 10-12 A at the extreme blue (4000 A) and red 
(6400 A) ends of the system dWorthev & Ottavianil 19971) . As a first 
step, we choose a template star on which to define the wavelength 
system. The Kl giant HR 6018 is the template for G and K stars 
and most galaxies on the Lick/IDS system; we observed this star as 
well (5j2~jJ. Next we determine the intrinsic resolution of the tem- 
plate <7int, which is done by fitting (using LOSVD) t he spectrum 
of the template to a digital echellogram of Arcturus ( Hin kle et al.l 
2000). The template spectrum is then smoothed to the Lick/IDS 
resolution using a variable-width Gaussian filter with an intrinsic 
dispersion of 

<7Lick/iDS = 3492.88—1.30364 A+0. 000128619 A 2 kms _1 (Al) 

(with A in A), determined from fitting our spectrum of HR 6018 to 
the Lick/IDS spectrum of this star. T his quadratic fit to the resolu- 
tion data is very nearly that given bv lWorthev & Ottavianil i 19971) . 



Lick/IDS 



1/2 



Th e net smoothing kernel ha s a width <T(, 
(cf. lProctor & Sansomll2002l) . 

We next place the wavelengths of the usable Lick/IDS band- 
passes on the smoothed template spectrum. Due to the obser- 
vational material from which it was define d, the Lick/IDS sys- 
tem is not simple to r eproduce (see e.g., IWorthev & Ottavianil 
1 19971 : 1 Kunts chner 2000, just to name a few descriptions of the 
steps required). One particular issue i s the wavelength sc ale of 
the Lick/IDS syste m. As described by IWorthev et al. j 19941) and 
Trage r~et"aT1 dl998l) . the zero-point and scale of the IDS spectra 
could change between observing runs and even between consec- 
utive exposures as the local magnetic field changed and altered 
the channel the incoming electrons hit on the IDS detector. Each 
IDS stellar spectrum was therefore adjusted to have zero red- 
shift and a fixed average wavelength s cale, set in AUTOINDEX 
(Wort hey et al.| [l994; Trager et al. 1998) by fixing the wavelengths 
of the strongest two features at (roughly) either end of the spec- 
trum. For cool giants and dwarfs, the (blended head of the) G band 
and the (blended) Na D doublet were used, defined to have wave- 
lengths of 4306.000 A and 5894.875 A respectively; for hot dwarfs, 
Hy was used in the blue; for very cool stars, Ca I was used in the 
blue. 

However, small-scale fluctuations in the wavelength scale 
still persisted. To overcome this difficulty, AUTOINDEX imple- 
mented an index centring scheme that used a high-quality template 
star to place the bandpasses on each index dWorthev et alj|l994l ; 
iTrageret all 19981) . There were three templates: HR 6018 for G-K 
stars, HR 8430 for mid-F and earlier stars, and HR 6815 for early- 
to mid-M stars. The bandpasses on each te mplate were carefull y 
placed to best reproduce the 'eye' system of lBurstein et alj dl984l) . 
Therefore, the true wavelength definitions of the Lick/IDS pass- 
bands can be traced to the wavelength scales of thes e three stars. 
The passband definitions of Wor they et alj i ll 9941) and lTrager et al.l 
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( 1998) were based on a comparison of the bandpasses given by the 
Lick/IDS template stars to the wavelength scales of modern CCD 
spectra taken by G. Worthey and J. Gonzalez (see lGonzalezll 1993n . 

In the current study, we use a scheme (SPINDEX2; see below) 
very similar to AUTOINDEX, in which a template star is defined 
to have the 'correct' passband definitions and then is used to cen- 
tre the indexes on each spectrum of interest. This was necessary 
in part because it is difficult to calibrate the wavelength scale of 
LRIS-R spectra in the blue region that concerns us here. The tem- 
plate star must be 'on' the Lick/IDS system in order to calibrate 
the line strengths of the individual objects onto that system. Fortu- 
nately, one of our comparison stars is the Lick/IDS K giant stan- 
dard HR 6018 ( i]2.1t . also the template for cool stars and almost all 
galaxies in the Lick/IDS system. Using SPINDEX2, we smoothed 
our spectrum of HR 6018 to the resolution of the Lick/IDS system, 
after correcting this spectrum to zero velocity as described above. 
We then shifted the bandpasses given in the original AUTOINDEX 
template file for HR 6018 by measuring the velocity shifts of each 
index in the IDS spectrum of HR 6018 (observation 550010, that 
used as a template for the Lick/IDS system) with respect to the 
smoothed LRIS spectrum of HR 6018. The wavelength shifts are 
generally no more than 1.25 A and typically ±0.125 to ±0.375 A 
for most indexes in the observed range of the current data (from 
CNi to Fe5406). 

A2 Emission corrections 

As discussed in pre v ious w orks (e.g., iGonzalezI 1 19931 ; 



200Ch. 



nebular 



iGoudfrooii & EmsellerrJ 1 19961 : iKuntschnej 
emission lines due to, e.g., low-luminosity AGN l Ho et al.ll 19971) 
are common in ETGs. Emission lines of atomic hydrogen, oxygen, 
and nitrogen can pollute the absorption-line indexes and distort the 
age and metallicity estimates. The hydrogen Balmer line indexes 
(K5a,f, Hja,f, H/3), Fe5015 (which contains both [Olll]A4959 
A and [O IH]A5007 A) and Mr b (which contains [N I] in its red 
sideband, Goudfrooii & Emsellem| 1 19961) are all susceptible to 

emission-line contamination. 

We have used GANDALF JSarzi et alj 120061) to determine 
possible emission contamination of our spectra by simultane- 
ously fitting Gaussian emission lines and stellar population model 
spectral templates (Vazdekis, in prep., based on the spectra of 
Sanchez-Blazque z et alj|20 06af"1. We accept an emission line to 
be significantly detected if the ratio of the amplitude of the line 
to the expected noise A/N > 2. We find that while nearly of 
our galaxies (except GMP 3565) have detectable [OlIl]A5007 A 
emission, we do not detect significant H/3 emission in any of our 
galaxies in the 2'.'7 or 'physical' r e /2 apertures. Nor do we de- 
tect any significant [Nl]. Because we have not detected H/3 emis- 
sion in any galaxy, we have not bothered to correct for emission 
in the higher-order Balmer lines. We have measured line strengths 
from the emissi on-cleaned spectra r ather than making the c orrec- 
tions outlined in iTrager et all feOOOal) and lKuntscImeri BoOO). 

A3 Measuring line strengths 

For each object of interest (star or galaxy), we now measure the line 
strengths on the (emission-cleaned) spectrum. The spectrum is first 



Note that we use the kinematics measured using the method described in 
£|2.2| not those determined with GANDALF, which are only used for fitting 
the model templates to determine emission corrections. 




Figure Al. Observed and emission-cleaned spectra of Coma ETGs. Spectra 
from the 2"7 apertures (thick lines) have been fit with Gaussian emission 
lines and model spectra from Vazd ekis (in prep.) a nd then cleaned of emis- 
sion (thin lines) using GANDALF fcarzi et alj2006h . The emission-line in- 
dex de finitions of H/3, [O III]A4959 A, and [O III] A5007 A from lGonzalezl 
1 19931) have been over-plotted as grey boxes. A 20 A-wide 'index' around 
the [Nl]AA5197.9, 5200.4 A doublet iGoudfrooii & Emselleirjfl996l) has 
also been over-plotted. 



smoothed to the Lick/IDS resolution (Eq. lAlt . Using the systemic 
velocity given by LOSVD, the bandpasses are placed on the spec- 
trum. For each index, LOSVD is then used to determine the offset 
between the object and template spectra in a wavelength region that 
extends 20 A from the extremes of the index definition. This places 
the index bandpasses precisely on the Lick/IDS index definition, as 
described above (thereby following th e AUTOINDEX algorithm: 
IWorthevetal]|l994l : ITrager et al. I [19981) . Indexes and index errors 
are then computed from the object spect rum and it s varia nce spec- 
trum using the formalism described by Gonzalez] dl993l) . namely 
that an index measured in A is computed as 



EW 



s(\) 

(7(A) 



dX 



and an index measured in magnitudes is computed as 



Mag = -2.5 log 



A c 



A c , 



A C2 



X C1 



C(A) 



(A2) 



(A3) 



Here A C1 and A C2 are the wavelength limits of the central band- 
pass, S(X) is the observed flux per unit wavelength in the object 
spectrum, and (7(A) is the linearly-interpolated pseudo-continuum: 



(7(A) = S b 



X r - X 
X r — Xb 



x-x b 

X r — X b 



where 



(A4) 
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s b = 



A> 5(A)dA 



A - 

Afc 2 — Ajrj 

it; 2 g(A)dA 

A r2 A ri 



and 



(A5) 



(A6) 



Table Al. Error ratios from 2V7-synthesised aperture line strengths 



with A;, = (A&j + A;, 2 )/2 and A r = (A ri + A r2 )/2. Errors are then 
computed using the variance spectrum ^(A): 



cr(EW) 

a(Mag) 



V, 



So 

2.5 x l0 4Ma s 



Vb ( X T — A 

^c 



/ A r — A c \ Vy / A c — Xb V 
V A r — \b J Cc V A r — A;, / 

<t(EW), 



ln(10)(A cl - A C2 ) 
where A c = (A C1 +A C2 )/2, C c = C(A C ), Sc = / Ac2 S(X)d\, and 

' 2 S 2 (A) 



1 1/2 
A7) 

(A8) 



k = si i 



Vb 



V r 



st/ 



si/ 



ci v{xy 

A " 2 S 2 (\) 
b V(X)' 

b l 

Ar2 S 2 (X) 



(A9) 
(A10) 
(All) 



(cf. the discussion in ICardiel et al.l IT998h . The implementation of 
this algorithm in Python is called SPINDEXj^l: when coupled 
with LOSVD to measure systemic velocities and velocity disper- 
sions ( fl2~2~fl . the program is called SPINDLOSVD. 

A3. 1 Reliability of estimated errors 

To check the accuracy of the errors measured from the variance 
spectra of the averaged spectra as given by Equations IA7I and IA8I 
above, line strengths were measured from one-dimensional spec- 
tra extracted from each individual exposure. The standard devia- 
tion of each index was then determined. Table [ATI gives (1) the 
median and standard deviations of the ratios of the errors in each 
index computed from the combined spectra and (2) the standard 
deviations of the index strengths computed from the individual ex- 
posures. None of the differences is significant, although some of 
the means differ from one (e.g., Ca4227 and Mg 2 ). Much of this 
scatter likely arises from interpolation errors when extracting the 
one-dimensional spectra from the individual exposures, a problem 
greatly ameliorated when three images are combined during the ex- 
traction. We therefore believe that the error estimates for the LRIS 
absorption-line strengths are likely to be reliable. 

A4 Calibration onto the stellar Lick/IDS system: offsets and 
velocity-dispersion corrections 

Because the flux calibration of the present spectra differs from that 
of the Lick/I DS spectra (which w ere not fluxed but divided by a 
quartz lamp; IWorthev et al. I ll994l) . small offsets may required to 
finally bring absorption-line strengths of objects taken with LRIS 
onto the Lick/IDS system. These offsets are determined by com- 
paring line strengths of the LRIS stars measured with SPINDEX2 

12 We note here that fractional pixels are handled in the same manner as 
Gonzalez, so indexes measured by SPINDEX2 are identical to those mea- 
sured at the same bandpass wavelengths by SPINDEX in the VISTA image 
processing package. 
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Col. 1: Index name. Col. 2: Median error ratio, in the sense error inferred 
from combined spectra divided by standard deviation of index strengths 
derived from individual exposures. Col. 3: Standard deviation of error ratio. 



Table A2. Corrections required to bring LRIS stellar indexes onto Lick/IDS 
system 



Index 
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- LRIS)) a 


RMS 


CNi 


0.0034 ± 0.0008 


0.0118 


CN 2 


0.0063 ± 0.0005 
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Ca4227 
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0.031 


± 0.006 


0.090 


Fe5335 


0.176 


± 0.006 


0.091 


Fe5406 


0.094 


± 0.003 


0.050 


H<5 A 


-0.143 


± 0.006 


0.083 


H 7A 


0.612 


±0.015 


0.219 


H<5 F 


0.123 


± 0.004 


0.057 


H7F 


0.174 


± 0.006 


0.085 



a Weighted mean 

to the published values for those stars, as shown in Figure IA2I 
The weighted mean offsets and root-mean-squar e deviations are 
given in Tab le lA2l As seen by other authors (e.g., lGonzalej[l993l : 
iKuntschnej 2000), most indexes have negligible offsets within the 
typical errors of the Lick/IDS system. The exceptions are Mgj and 
Mg 2 , for which the Lick/IDS zero-point was set by the quartz 
lamp used to 'flux' the spectra, and H7A, for unknown reasons, 
although the inferred offset is c onsistent with that found by both 
IWorthev & Ottavianil i 1997b and lKuntschnen feood) . Fe5015 has a 
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large scatter for unknown reasons, but it is well within the typical 
Lick/IDS error. Note that Mgj and Mg 2 may be better fit by a linear 
relation than a simple offset. 

Before these offsets are applied to the line strengths of a 
galaxy, we must first correct them for its velocity disp ersion. This 
is done for the original 21 Lick/IDS line strengths dWorfhev et al 
1 19941) using the multiplicative corrections given by iTrager et al 
( 1998) . For the four higher-o rder B aimer line indexes defined 
by Worthev & Ottavianll 1 19971). we use the mul tiplicative correc - 
tions given bv lLee & WortheyH2005h. For H/3 G dJ0rgensenll 19991) . 
the H/3 correction given by ITrager et aD d 19981) was used. As a 
check on our method, we have compared our velocity-dispersion- 
corrected indexes (before Lick/ID S system correction) to indexes 
corrected using the formalism of I Kelson et a based on 

broadening templates but not the program spectra, and have found 
offset and slope differences from our method of less than la for all 
indexes except Ca4227, Fe4531, and HSf (offset) and Mg b (offset 
and slope), where the deviation in the latter index is small (—0.13 
A) and only in the strongest (highest-Mg b, highest-<r) objects. Due 
to the small-to-negligible differences, and mo re importantl y , to be 
consistent with previous studies, we use the ITrager et al.l j 19981) 
corrections but note that Kelson et al.'s comments on the suitabil- 
ity of additive rather than multiplicative velocity-dispersion correc- 
tions should taken into consideration. 



APPENDIX B: COMPARISON OF LRIS DATA WITH 
LITERATURE DATA SOURCES 

We now compare our systemic velocities (redshifts), velocity dis- 
persions, and line strengths with those found in the literature. In 
order to determine the differences most accurately, the LRIS in- 
dexes were measured on spectra with apertures matched as closely 
as possible to the literature data (Sec. 12. Lib . For the study of 
iMehlert et al.l d2003h . however, the published r e /10 apertures were 
much too small for nearly all of the gal axies observed i n the p resent 
sample, so the gradient measures of Mehlert et al. (2000) were 
used to compute index strengths in 2'.'7-diameter equivalent circular 
apertures; Fe5270 and Fe5335 indexes and gradients were kindly 
pr ovided by Dr. D. Me hlert. We also note that the line strengths 
of lTerlevich et alj dl999h ar e not truly ca l ibrate d onto the Lick/IDS 
system, but rather used the Kuntschnej] d2000h offsets as a rough 
cor rection. This is pa rticularly problematic for the HSa index, as 
the I Kuntschnej yOOO) study did not include the bluest indexes. Fi- 
nally, we used the 2'.' 7 velocity dispersion measurem ents to com- 
pare with the results of iMatkovic & GuzmarJ J2005), as velocity 
dispersion gradients i n these galaxies are likely to be nearly flat (cf. 
Ijorgensen et aljl99d) . 

Figure IBTI shows the differences in the sense literature— LRIS 
as a function of LRIS index strength for all of the indexes measured 
on the LRIS spectra as well as heliocentric velocity czhei and the 
logarithm of the velocity dispersion log a. Table lBll gives the mean 
offsets and the errors in the means (ctm), in both cases weighted 
by the errors of the differences (the quadratic sum of the LRIS and 
literature index errors); the root-mean-squared (RMS) deviation; 
and the \ 2 of the sample difference, computed as 



jv „ 

2 - iv4 

X N 2^ a f 

i — l 



Note that N < 12 in all cases, as no single literature study contains 
all of the galaxies in the LRIS sample. The 'ALL entries are error- 
weighted mean differences for all differences - i.e., the average 
difference of all literature index values with respect to the LRIS 
index values. 

As we claim that we are precisely on the Lick/IDS system, we 
can view Table IbTI and Figure IbTI as guides to the success of the 
authors of e ach study in ach i eving the s ame calibration. In gen eral, 
we find that lTerlevichetalJ d 19991) and lPoggianti et alj d200ll) are 
not w ell-c alibrated onto the Lick/IDS syste m, while Moore et"al1 
(2002) and Sanchez-Blazqu ez et alj d2006bl) do a much better job, 
with some exceptions discussed below. We make no attempt to 
adjust other studies to our calibration. We note here that our 
H/3 strengths are in line with most other studies, excluding the 
IMehlert et al] (2000) sample, which are clearly much too strong 
(see below). 

We are given further confidence in our calibration by examin- 
ing the literature values of the H/3 index strengths of the cD galaxy 
GMP 3329 (=NGC 4874), shown in Table |B2] The error-weighted 
H/3 inde x strength in the lite rature, excluding the significant out- 
lier from lMehlert et alj d2000h . is 1.57 ± 0.05 A. This is within la 
of our H/3 index strength for this galaxy, suggesting that (at least 
for this bright galaxy) we are on the Lick/IDS system as well as is 
po ssible. However, the H/3 str ength of GMP 3329 (=NGC 4874) in 
the lMehlert etall d200d.l2003l) studies appears to be much stronger 
(by 0.64 ± 0.13 A) than the mean of all other literature data, in- 
cluding the LRIS measurement; in fact, the IMehlert et all {2000, 
12003 ) H/3 strength of this galaxy is higher by mo re than 0.3 A 
than J0rgensen ( 1999]) and iKuntschner et alj dioOll) . the strongest 
other available measurements. It is likely that the explanation for 
this excess H/3 strength is over- subtraction of light of this galaxy 
due to a slit that was too short (Mehlert, priv. comm.). In other 
words, the signal taken from the end of the slits used to correct 
for the sky brightness was contaminated by light from the galaxy 
itself. Given the large size of this galaxy and its surface bright- 
ness profile, it is likely that this subtraction results in a too-strong 
H/3 absorption-line strength (see Sec. |2.1.f1 for details on how we 
have dealt with this issue). Finally, we not e that the SSP-equivalent 
age of G MP 3329 inferred from the data of Sanchez-Blazqu ez et alj 
(2006b) is log* 



1.021q'^4, higher than the age inferred from 
the LRIS data, log/ = 0.90"_ 0!l! 



-0.14' 

0.90±^ (Table |B3j, even though the 



(Bl) 



where di is the difference of index strengths of galaxy i between a 
given literature study and LRIS, and ai is the error of the difference. 



H/3 strengths from the two studies are identical within the er- 
rors. This is due to the differenc e in the measured Mg b strengths: 
Sanc hez-Blazquez et aD d2006bh find Mg b = 4.58 ± 0.26, while 
we find Mg b = 4.95 ± 0.04 (Table|B3j. We do not know the cause 
of the difference in this index for this galaxy; all other galaxies in 
common have very similar Mg b strengths in the two samples, and 
even in GMP 3329 the strengths of the H/3, Fe5270, and Fe5335 
indexes all match well between the samples. 

Detailed examination of Figure IBTI shows that the Moor e et"al1 

d2002h measurements of GMP 3291 and GMP 3534 are signifi- 
cantly discrepant in H/3 (and H/3g). The cause for this discrep- 
ancy is not understood, but could be due to slit (in the case of the 
LRIS spectra) or fibre (in the case of the lMoore et alj|2002l spec- 
tra) misplacement. Examination of the LRIS slit-alignment images 
taken immediately before the spectroscopic exposures (Fig.[T) sug- 
gests LRIS slit misplacement is unlikely. It is also not due to errors 
in the velocity dispersion corrections, as both of the galaxies have 
a < 75 km s" 1 . Given that the H/3 strengths of both of these 
galaxies in the lMoore et a i] d2002l) study are extremely low (GMP 
3534 has H/3 = 1.02 A in that study, well below the oldest stellar 
population models; e.g., Fig. [4j, it is possible that emission fill- 
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Figure A2. Calibrati on onto the Lick/IDS system . Line strengths of Lick/IDS stars taken with LRIS were measured with SPINDEX2 (after smoothing to the 
Lick/IDS resolution, Worthey & Ottaviani 1997) and compared with the published Lick/IDS line strengths (Worthey et al. 1994l; IWorthev & Ottavianil 19971) . 
Vertical error bars include uncertainties in the Lick/IDS standard star system ( Worthey et al Jl 1994b . scaled using the 'goodness' signal-to-noise parameter 
iTrager et al. 1998) and the number of observations of each star. Offsets from the Lick/IDS system are seen to be s mall for most indexes, except for the 
well known offset of Mg 2 due to the spectral shape of the quartz lamp used to 'flux' the IDS spectra <Gonzalej[l99l . Dotted and dashed lines indicate the 
weighted mean offsets and RMS deviations (Table lA2l ; solid lines are lines of equality. Note that some offsets might be better modelled as linear functions of 
line strength (e.g., Mgj^ and Mg 2 ). 



in could be the culprit, but no significant emission is detectable 
in either galaxy in either st udy. (Note that a h andful of galaxies, 
typically of low mass, from lMooreetal.ll2002l have H/3 strengths 
that cause them to fall below the oldest stellar population mod- 
els. ) We also note th at GMP 3291 is also discrepant with respect to 
the lPoggianti et all J200lh measure ments, but usually i n the oppo- 
site sense from the comparison with lMoore etaD j2002h . The LRIS 
me asurements of GMP 35 65 are strongly discrepant with respect to 
the lPoggianti et al] J200 lh measurements for nearly all indexes. We 
have confirmed through our slit-alignment images that we have def- 
initely targeted GMP 3565, so LRIS slit misplacement is unlikely 
to be the culprit for the discrepancies. 

Finally, in Table |B3| we present absorption-line index strengths 
and stellar population parameters for all Coma galaxies for six sam- 
ples: J99, MOO, M02, LRIS, NFPS, and SB06 (see Table [3] for 
definitions). For the MOO, SB06, and LRIS samples, we synthe- 
sised 2'.'7-diameter equivalent circular apertures ( i)2.1.1| >; for the 
other samples, the indexes are taken as published. For simplicity, 



we present only H/3, Mg6, Fe5270, and Fe5335 index strengths 
and errors, as these were the indexes used to compute the stellar 
population parameters. For completeness, we repeat the LRIS in- 
dexes, stellar population parameters, and errors here from previous 
tables. We have not attempted to provide 'best' indexes or parame- 
ters for galaxies with multiple measurements given the systematic 
differences between the samples and differences in aperture size 
(Tables EUandD. 
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Figure Bl. Comparison with literature values. Differences are defined as literature— LRIS. Key in lower-right; abbreviations are shown in Table[3] 
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Table Bl. Comparison with other absorption-line strength studies of the 
Coma Cluster, in the sense Literature— LRIS 



Quantity 


Source 


N 


Offset 


RMS 


x 2 




HOI 


3 


133.32 ± 3.44 


5.95 


171.20 


CZ he l 


M02 


8 


97.51 ± 1.51 


4.28 


70.65 


cz hel 




7 


1 OQ fiK _l_ fi 70 
ZH U. 10 




J J 1 .uu 




ALL 


18 


120.00 ±0.42 


1.78 


276.57 


logo- 


D84 


4 


-0.022 ± 0.010 


0.020 


0.803 


logo- 


G92 


1 


0.025 ± 






logo 


MO 1 


J 


n 09i -J- n c\fi& 


U.U1U 


1 9.A1 


logo 


J99 


8 


-0.004 ± 0.003 


0.009 


1.220 


logo 


KOI 


2 


-0.001 ± 






logo 


MG05 


6 


-0.014 ±0.003 


0.007 


2.651 


logo 


MOO 


3 


0.019 ± 0.009 


0.015 


1.594 


logo 


M02 


8 


-0.010 ± 0.001 


0.004 


11.490 


logo- 


NFPS 


7 


-0.009 ± 0.002 


0.005 


4.338 


logo 


SB06 


5 


0.033 ± 0.003 


0.006 


10.820 


logo 


ALL 


47 


—0.004 ± 0.000 


0.002 


4.743 


CNi 


NFPS 


7 


-0.011 ± 0.002 


0.006 


1.986 


CNi 


P01 


5 


-0.040 ± 0.003 


0.006 


22.562 


CNi 


IDS 


2 


0.010 ± 






CNi 


ALL 


14 


—0.024 ± 0.001 


0.004 


9.076 


CN 2 


NFPS 


7 


-0.020 ± 0.003 


0.008 


2.079 


CN 2 


P01 


5 


-0.026 ± 0.003 


0.007 


10.909 


CN 2 


SB06 


5 


-0.008 ± 0.004 


0.009 


1.236 


CN 2 


IDS 


2 


0.012 ± 






ON 2 


ALL 


19 


—0.018 ± 0.001 


0.004 


3.990 


Ca4227 


NFPS 


7 


0.189 ± 0.027 


0.071 


1.346 


Ca4227 


P01 


5 


-0.322 ± 0.043 


0.097 


2.947 


Ca4227 


SB06 


5 


-0.179 ± 0.023 


0.052 


2.527 


Ca4227 


IDS 


2 


-0.249 ± 






Ca4227 


ALL 


19 


-0.095 ± 0.009 


0.038 


1.970 


G4300 


NFPS 


7 


0.067 ± 0.040 


0.107 


0.349 


G4300 


P01 


5 


0.108 ± 0.088 


0.198 


4.334 


G4300 


SB06 


5 


0.030 ± 0.042 


0.095 


1.447 


G4300 


IDS 


2 


0.505 ± 






G4300 


ALL 


19 


0.057 ±0.015 


0.065 


1.851 


Fe4383 


NFPS 


7 


-0.469 ± 0.053 


0.140 


2.252 


Fe4383 


P01 


5 


0.370 ±0.108 


0.242 


2.694 


Fe4383 


SB06 


5 


0.057 ±0.057 


0.127 


0.774 


Fe4383 


T99 


6 


0.547 ±0.027 


0.065 


13.156 


Fe4383 


IDS 


2 


-0.214 ± 






Fe4383 


ALL 


25 


0.309 ±0.010 


0.052 


4.491 


Ca4455 


NFPS 


7 


-0.384 ±0.020 


0.053 


8.421 


Ca4455 


P01 


5 


-0.091 ± 0.058 


0.130 


4.696 


Ca4455 


SB06 


5 


-0.092 ± 0.032 


0.071 


0.731 


Ca4455 


IDS 


2 


-0.257 ± 






Ca4455 


ALL 


19 


-0.258 ± 0.009 


0.040 


4.641 


Fe4531 


NFPS 


7 


-0.275 ± 0.032 


0.084 


1.891 


Fe4531 


P01 


5 


-0.423 ± 0.093 


0.207 


1.968 


Fe4531 


SB06 


5 


-0.383 ± 0.050 


0.113 


2.648 


Fe4531 


IDS 


2 


0.153 ± 






Fe4531 


ALL 


19 


-0.316 ± 0.015 


0.063 


1.959 
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Quantity 


Source 


N 


Offset 


RMS 


x 2 


C 2 4668 


FFI 


l 


-0.286 ± 






C 2 4668 


M02 


8 


0.012 ± 0.062 


0.175 


2.036 


C 2 4668 


NFPS 


7 


0.079 ± 0.061 


0.162 


0.253 


C 2 4668 


POl 


5 


0.565 ± 0.106 


0.237 


12.830 


C 2 4668 


SB06 


5 


-0.962 ± 0.106 


0.237 


4.382 


C 2 4668 


T99 


6 


-0.277 ±0.030 


0.074 


8.030 


C 2 4668 


IDS 


2 


— 1.053 ± 






C 2 4668 


ALL 


34 


-0.198 ± 0.010 


0.058 


4.580 


H/3 


FFI 


1 


-0.104 ± 






H/3 


J99 


4 


0.178 ± 0.048 


0.096 


1.206 


H/3 


KOI 


2 


0.217 ± 






H/3 


MOO 


3 


0.434 ± 0.055 


0.095 


10.795 


H/3 


M02 


8 


0.008 ± 0.015 


0.042 


6.926 


H/3 


NFPS 


7 


—0.141 ± 0.015 


0.038 


2.804 


H/3 


POl 


5 


0.026 ± 0.048 


0.107 


1.821 


H/3 


SB06 


5 


-0.042 ± 0.026 


0.058 


0.481 


H/3 


IDS 


2 


0.230 ± 






H/3 


ALL 


37 


-0.014 ± 0.004 


0.022 


3.537 


Fe5015 


FFI 


1 


-0.582 ± 






Fe5015 


M02 


8 


—0.565 ± 0.047 


0.133 


2.919 


Fe5015 


NFPS 


7 


-0.057 ± 0.043 


0.115 


0.802 


Fe5015 


POl 


5 


-0.471 ± 0.105 


0.236 


2.015 


Fe5015 


SB 06 


5 


-0.499 ± 0.069 


0.153 


3.814 


Fe5015 


IDS 


2 


-0.072 ± 






Fe5015 


ALL 


28 


-0.347 ± 0.013 


0.070 


2.181 


M gl 


J99 


4 


0.006 ± 0.001 


0.002 


4.607 


Mgi 


M02 


8 


0.002 ± 0.001 


0.003 


0.574 


M gl 


NFPS 


7 


0.015 ± 0.001 


0.003 


5.605 


Mgi 


POl 


5 


r\ c\r\c\ 1 t i (\t \ \ 

—0.000 ± 0.001 


0.002 


10.325 


Mg x 


IDS 


2 


0.002 ± 






Mei 


ALL 


26 


0.006 ± 0.000 


0.001 


4.972 


Mg 2 


D84 


4 


0.012 ± 0.002 


0.004 


3.719 


Mg 2 


G92 


1 


0.003 ± 






Mg 2 


J99 


8 


0.006 ± 0.001 


0.003 


2.262 


Mg 2 


KOI 


2 


-0.005 ± 






Mg 2 


M02 


8 


0.008 ± 0.001 


0.003 


3.495 


Mg 2 


NFPS 


7 


-0.013 ± 0.001 


0.003 


2.605 


Mg 2 


POl 


5 


-0.036 ± 0.001 


0.003 


36.954 


Mg 2 


IDS 


2 


0.007 ± 






ivA 6 2 


ALL 


37 


-0.004 ± 0.000 


0.001 


7.404 


Mgb 


FFI 


1 


-0.028 ± 






Mgb 


J99 


4 


0.267 ± 0.050 


0.101 


1.773 


Mgb 


KOI 


2 


-0.247 ± 






Mgb 


MOO 


3 


-0.152 ± 0.059 


0.102 


3.260 


Mgb 


M02 


8 


-0.016 ± 0.015 


0.041 


2.834 


Mgb 


NFPS 


7 


-0.190 ± 0.016 


0.043 


4.636 


Mgb 


POl 


5 


-0.259 ± 0.046 


0.103 


5.239 


Mgb 


SB06 


5 


-0.085 ± 0.052 


0.116 


1.620 


Mgb 


IDS 


2 


0.367 ± 






Mgb 


ALL 


37 


-0.086 ± 0.004 


0.025 


3.036 


Fe5270 


MOO 


3 


-0.070 ± 0.063 


0.109 


0.164 


Fe5270 


M02 


8 


-0.079 ± 0.016 


0.045 


2.010 


Fe5270 


NFPS 


7 


-0.115 ±0.019 


0.049 


1.163 


Fe5270 


POl 


5 


-0.051 ± 0.052 


0.117 


1.119 


Fe5270 


SB06 


5 


0.050 ±0.036 


0.082 


0.780 


Fe5270 


IDS 


2 


0.248 ± 






Fe5270 


ALL 


30 


-0.072 ± 0.005 


0.028 


1.295 
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Table Bl - continued 



Quantity 


Source 


N 


Offset 


RMS 


X 2 


Fe5335 


MOO 


3 


0.030 ± 0.070 


0.121 


1.395 


Fe5335 


M02 


8 


-0.091 ± 0.023 


0.064 


1.775 


Fe5335 


NFPS 


7 


—0.210 ± 0.021 


0.054 


4.050 


Fe5335 


P01 


5 


-0.381 ± 0.060 


0.135 


1.942 


Fe5335 


SB06 


g 


1 35 + 041 


0.092 


1.805 


Fe5335 


IDS 


1 


0.264 ± 






Fe5335 


ALL 


29 


-0.114 ±0.006 


0.035 


2.273 


(Fe> 


J99 


4 


0.048 ± 0.046 


0.092 


0.542 


<Fe) 


KOI 


2 


-0.213 ± 






<Fe) 


MOO 


3 


—0.019 ± 0.047 


0.081 


0.978 




M02 


8 


—0.084 ± 0.014 


0.039 


2.793 


<Fe) 


NFPS 


7 


-0.160 ±0.014 


0.037 


3.689 


<Fe> 


POl 


5 


-0.214 ±0.040 


0.089 


2.014 


(Fe> 


SB06 


5 


0.091 ± 0.028 


0.062 


2.321 


<Fe) 


IDS 


1 


-0.004 ± 






(Fc> 


ALL 


35 


-0.087 ± 0.004 


0.022 


2.240 


US a 


NFPS 


7 


0.327 ± 0.075 


0.200 


1.183 


H«5a 


POl 


5 


1.140 ±0.101 


0.225 


15.226 


H«5a 


SB06 


5 


0.239 ± 0.065 


0.144 


4.029 


H<5 a 


T99 


6 


0.204 ± 0.024 


0.058 


7.200 


HS A 


IDS 


2 


0.266 ± 






H5 A 


ALL 


25 


0.263 ± 0.010 


0.051 


5.914 


H 7 a 


NFPS 


7 


-0.478 ± 0.059 


0.156 


1.754 


H 7 A 


POl 


5 


-0.028 ± 0.095 


0.213 


9.560 


H 7 A 


SB06 


5 


-0.367 ±0.062 


0.138 


2.049 


H 7 A 


T99 


6 


-0.092 ± 0.024 


0.058 


2.771 


H 7 A 


IDS 


2 


-0.706 ± 






H 7 A 


ALL 


25 


-0.161 ± 0.010 


0.049 


3.559 


H<5 F 


NFPS 


7 


-0.139 ± 0.046 


0.121 


0.477 


H<5 F 


POl 


5 


0.097 ± 0.068 


0.151 


2.277 


H<5 F 


SB06 


5 


0.117 ± 0.037 


0.082 


2.381 


HSp 


IDS 


2 


0.346 ± 






HSp 


ALL 


19 


0.045 ± 0.014 


0.061 


1.491 


H 7f 


NFPS 


7 


-0.308 ± 0.026 
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Col. 1: Quantity of interest. Col. 2: Source of literature data. These ab- 
breviations are shown in Table [5] except ALL is the combination of all 
studies with data for that quantity. Col. 3: Number of galaxies in common. 
Col. 4: Weighted mean difference and (random) error of mean, in sense 
other— LRIS. Col. 5: Root-mean-square of difference. Col. 6: x 2 of differ- 
ences. 



Table B2. H/3 absorption-line strengths of GMP 3329 (NGC 4874) from all 
sources 



Source 


H/3 (Lit) 


H/3 (LRIS) 


FFI 


1.410 ±0.130 


1.514 ±0.037 


IDS 


1.307 ±0.196 


1.503 ± 0.040 


J99 


1.780 ±0.120 


1.512 ± 0.036 


K01 


1.800 ±0.210 


1.513 ± 0.033 


MOO 


2.140 ±0.123 


1.503 ± 0.040 


M02 


1.674 ±0.132 


1.503 ± 0.040 


NFPS 


1.519 ±0.151 


1.578 ± 0.035 


SB06 


1.496 ±0.100 


1.503 ± 0.040 



Col. 1: Source of literature data, as in TablelBTl Col. 2: H/3 strength of GMP 
3329 from literature. Col. 3: H/3 strength of GMP 3329 from LRIS spectra, 
through the equivalent aperture as described in text. 



This figure "fl.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/0803.0464vl 



Table 2. Lick/IDS line strengths of early-type galaxies in the Coma Cluster in the synthesized 2'.' 7-diameter circular aperture 
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a Median signal-to-noise per 75 km s 1 pixel in observed wavelength range 4285-5200 A 



Table B3. Absorption-line index strengths, errors, stellar population parameters, and errors of Coma Cluster galaxies 



Galaxy 



Sample Type 



logo- 



H/3 



Mgfe 



Fe5270 



Fe5335 



log* 



[Z/H] 



CGCG159-043 

CGCG159-083 

CGCG159-089 

GMP0144 

GMP0282 

GMP0756 

GMP1176 

GMP1750 

GMP1750 

GMP1853 

GMP1853 

GMP1990 

GMP2000 

GMP2000 

GMP2000 

GMP2048 

GMP2048 

GMP2091 

GMP2141 

GMP2157 

GMP2157 

GMP2157 

GMP2201 

GMP2201 

GMP2219 

GMP2237 

GMP2237 

GMP2251 

GMP2251 

GMP2252 

GMP2259 

GMP2347 

GMP2347 

GMP2347 

GMP2385 

GMP2390 

GMP2390 

GMP2390 

GMP2390 

GMP2390 



SB06 

SB06 

SB06 

MOO 

MOO 

MOO 

MOO 

J99 

MOO 

J99 

MOO 

MOO 

MOO 

M02 

NFPS 

M02 
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M02 

M02 

J99 

M02 

NFPS 

M02 

NFPS 

NFPS 

J99 

NFPS 

NFPS 

M02 

M02 

J99 

J99 

M02 

NFPS 

M02 

J99 

MOO 

M02 

NFPS 

SB06 
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E 

E 

E 

SO 

SO 

E 

E 

SO 

SO 

E/SO 

E 

E 

SO 

E 

E 
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E/SO 

SO 

SO 

SO 

E 

E 

SO 

SO 

SO 

E 

E/SO 

E 

SO 

SO/a 

SO/a 

SO/a 

SO 

E 

E 

E 

E 

E 



2.364 
2.328 
2.149 
2.368 
2.460 
2.257 
2.276 
2.413 
2.482 
2.294 
2.297 
2.438 
2.294 
2.297 
2.255 
2.208 
2.199 
2.101 
1.660 
2.277 
2.282 
2.253 
1.954 
1.992 
1.803 
1.997 
2.077 
2.101 
2.177 
2.156 
2.008 
2.184 
2.114 
2.140 
1.888 
2.344 
2.438 
2.359 
2.385 
2.475 



± 0.005 
±0.010 
± 0.008 
±0.014 
±0.012 
± 0.008 
± 0.008 
±0.015 
±0.013 
±0.021 
±0.022 
±0.021 
±0.014 
± 0.008 
±0.016 
± 0.006 
± 0.023 
±0.014 
±0.107 
±0.019 
± 0.007 
±0.010 
±0.022 
± 0.029 
± 0.033 
± 0.026 
±0.026 
±0.050 
± 0.007 
± 0.007 
± 0.033 
± 0.036 
±0.018 
±0.010 
± 0.035 
±0.018 
±0.017 
± 0.005 
±0.011 
±0.011 



1.40 ± 0.08 
0.89 ±0.10 
1.92 ±0.10 
1.76 ±0.09 
1.71 ±0.13 

2.13 ±0.13 
2.15 ±0.13 
1.59 ±0.29 

1.54 ±0.22 

1.79 ±0.21 
1.65 ±0.33 

1.43 ±0.26 
1.71 ±0.18 

1.80 ±0.09 
1.74 ±0.16 

1.62 ±0.10 
1.52 ±0.22 

2.14 ±0.16 
3.01 ±0.45 
1.88 ±0.19 
1.56 ±0.09 
1.67 ±0.10 
1.96 ±0.14 
1.49 ±0.25 

1.49 ±0.26 
2.25 ±0.24 

1.44 ±0.25 
1.04 ±0.51 

1.63 ±0.25 

2.15 ±0.17 

2.55 ±0.24 
2.36 ±0.36 
2.30 ±0.11 
2.15 ±0.08 
1.67 ±0.26 

1.50 ±0.13 
1.43 ±0.26 
1.48 ±0.16 
1.34 ±0.10 
1.32 ±0.13 



4.81 ±0.23 
4.06 ± 0.24 
3.80 ±0.24 
4.53 ± 0.09 

4.75 ± 0.14 
3.84 ±0.14 
3.87 ±0.13 

5.61 ± 0.29 

5.19 ± 0.24 
3.93 ± 0.23 
4.37 ±0.35 
4.16 ± 0.28 

4.43 ± 0.19 

4.62 ± 0.07 

4.20 ±0.16 
4.70 ±0.11 

4.16 ± 0.21 
4.11 ± 0.13 

2.17 ±0.38 
4.30 ±0.20 
4.49 ± 0.07 
3.95 ± 0.10 
3.73 ± 0.12 
3.37 ±0.23 
3.01 ± 0.24 
3.97 ±0.26 

3.76 ± 0.25 
3.08 ± 0.37 
3.80 ±0.20 

4.70 ±0.14 

3.44 ±0.26 
3.87 ±0.38 
4.10 ±0.11 
3.49 ± 0.09 
3.06 ± 0.22 
4.91 ± 0.13 
5.34 ±0.28 

5.71 ± 0.14 
4.70 ±0.10 
5.27 ±0.25 



2.88 ±0.14 
2.70 ±0.14 
3.01 ±0.14 
2.88 ±0.11 

2.87 ±0.16 
2.72 ±0.17 
2.79 ±0.16 
2.77 ±0.38 
3.08 ±0.25 
3.49 ± 0.28 
3.00 ±0.37 
2.83 ±0.23 
2.86 ±0.22 

2.79 ±0.10 
2.65 ±0.18 

2.80 ±0.11 
1.94 ±0.23 
2.56 ±0.16 

1.72 ±0.46 

3.13 ±0.25 
3.04 ±0.10 
2.68 ±0.10 
2.41 ±0.14 
2.04 ±0.24 

2.14 ±0.24 
2.86 ±0.33 
2.54 ±0.26 

1.45 ±0.41 
2.16 ±0.23 

2.46 ±0.17 

2.73 ±0.33 
3.46 ± 0.48 
2.96 ±0.10 

2.88 ±0.10 
1.86 ±0.24 
2.85 ±0.17 
2.93 ±0.30 
3.22 ±0.16 
2.52 ±0.12 
3.08 ±0.17 



2.57 ±0.14 

2.60 ±0.14 

2.70 ±0.14 
2.98 ±0.12 
2.50 ±0.18 
2.55 ±0.19 

2.58 ±0.17 
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3.44 ±0.28 
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2.19 ±0.26 
2.50 ±0.24 
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Table B3 - continued 



Galaxy 



Sample Type 



log cr 



H/3 



Mgf> 



Fc5270 



Fc5335 



log* 



[Z/H] 



GMP2393 
GMP2393 
GMP2393 
GMP2413 
GMP2413 
GMP2417 
GMP2417 
GMP2417 
GMP2417 
GMP2417 
GMP2421 
GMP2440 
GMP2440 
GMP2440 
GMP2440 
GMP2457 
GMP2457 
GMP2489 
GMP2489 
GMP2495 
GMP2495 
GMP2495 
GMP2510 
GMP2516 
GMP2516 
GMP2516 
GMP2535 
GMP2535 
GMP2535 
GMP2535 
GMP2541 
GMP2541 
GMP2541 
GMP2551 
GMP2584 
GMP2584 
GMP2585 
GMP2603 
GMP2615 
GMP2615 



J99 

M02 

NFPS 

J99 

MOO 

NFPS 

SB06 

J99 

MOO 

M02 

M02 

J99 

MOO 

M02 

NFPS 

NFPS 

M02 

M02 

NFPS 

J99 

M02 

NFPS 

M02 

M02 

NFPS 

SB06 

J99 

MOO 
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NFPS 

J99 

M02 

NFPS 

J99 
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SB06 
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M02 
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SO 

SO 

SO 

SO 

SO 
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E 

SO/E 

SO/E 

SO/E 

SO 

E 

E 

E 

E/SO 
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SO 

SO 

SO 

SO 
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SO/a 

SO/a 

SO/a 

SO 

SO 

SO 

SO 

E 

E 

E 

SO 

SO 

SO 

E 

SO 

SO/a 
SO/a 



2.124 ±0.035 
2.101 ±0.038 
2.101 ±0.013 
2.235 ±0.023 
2.328 ±0.014 
2.307 ± 0.009 
2.304 ± 0.005 
2.325 ±0.036 
2.342 ±0.021 
2.288 ±0.010 
1.477 ±0.559 

2.328 ±0.025 
2.306 ±0.018 
2.338 ±0.007 

2.329 ±0.007 
1.923 ±0.021 
1.969 ±0.022 
1.959 ±0.025 
2.009 ± 0.012 

2.106 ±0.025 

2.107 ±0.017 
2.046 ±0.018 
2.091 ±0.015 

2.232 ± 0.008 
2.241 ±0.007 

2.233 ±0.011 
2.142 ±0.036 
2.095 ±0.024 
2.122 ±0.008 
2.132 ±0.020 
2.227 ±0.025 
2.243 ±0.011 
2.261 ±0.009 
2.039 ± 0.036 
1.942 ±0.027 
1.988 ±0.012 
1.453 ±0.107 
1.574 ±0.113 
1.941 ±0.024 
1.911 ±0.040 



1.82 ±0.28 
1.94 ±0.15 

1.83 ±0.11 
1.82 ±0.23 
1.73 ±0.20 

1.49 ±0.07 

1.50 ±0.10 

2.36 ±0.21 
1.57 ±0.27 
1.52 ±0.12 
1.38 ±0.43 
1.67 ±0.15 

1.51 ±0.16 
1.87 ±0.09 

1.37 ±0.06 
2.10 ±0.19 
2.27 ±0.22 
1.99 ±0.19 
1.98 ±0.10 
2.13 ±0.23 

1.93 ±0.13 

1.94 ±0.15 
2.03 ±0.11 
1.48 ±0.12 
1.35 ±0.06 
1.06 ±0.10 
1.72 ±0.47 
2.22 ±0.12 
1.94 ±0.10 
1.65 ±0.21 
1.87 ±0.11 
1.59 ±0.09 
1.71 ±0.08 
2.24 ±0.24 

1.96 ±0.22 

1.97 ±0.10 
1.97 ±0.25 
4.29 ±0.26 
2.21 ±0.24 
2.17 ±0.47 



3.17 ±0.30 
3.41 ±0.13 
2.81 ±0.11 

4.30 ±0.24 

4.09 ±0.16 
4.06 ± 0.08 
4.25 ±0.23 
4.48 ± 0.22 
4.16 ±0.28 

4.46 ±0.12 
3.16 ±0.26 
4.81 ±0.15 
4.60 ±0.18 
4.77 ±0.07 
4.19 ±0.07 
3.11 ±0.20 
3.86 ±0.18 
3.57 ±0.15 
3.50 ±0.10 
4.19 ±0.25 
4.06 ±0.11 

3.10 ±0.15 

4.14 ±0.11 

4.47 ±0.12 
4.06 ±0.07 

4.32 ±0.23 

4.15 ±0.49 
3.92 ±0.12 
4.34 ±0.11 
3.84 ±0.19 
4.74 ±0.11 
4.66 ±0.11 
4.25 ±0.08 

3.33 ±0.25 
3.55 ±0.11 
2.96 ±0.11 

2.31 ±0.33 
2.83 ±0.22 
3.73 ±0.21 
2.92 ± 0.44 



2.17 ±0.38 
2.22 ± 0.15 
2.04 ±0.12 
3.22 ± 0.30 

2.89 ± 0.24 

2.58 ± 0.09 
2.70 ± 0.14 
2.98 ± 0.30 
2.83 ± 0.29 

2.77 ±0.12 
2.11 ± 0.28 
2.83 ± 0.20 

2.90 ±0.20 
2.90 ± 0.10 
2.62 ± 0.08 

2.59 ± 0.20 
2.29 ± 0.21 

2.62 ± 0.18 
2.56 ± 0.11 
2.76 ± 0.31 
2.94 ±0.13 
2.28 ± 0.17 
2.72 ± 0.11 
2.59 ± 0.13 
2.53 ± 0.08 
2.81 ± 0.14 
3.27 ±0.61 
2.90 ±0.13 
2.92 ± 0.11 
2.94 ±0.21 
2.97 ±0.14 

2.78 ± 0.09 

2.63 ± 0.09 
2.92 ± 0.31 
2.70 ±0.14 
2.43 ± 0.11 
2.43 ± 0.31 
0.33 ± 0.26 
2.78 ± 0.23 
3.50 ± 0.45 



1.92 ±0.38 
1.45 ±0.21 
2.00 ±0.13 
3.13 ±0.30 
2.45 ± 0.24 
2.43 ±0.10 
2.60 ±0.14 
2.85 ±0.30 
2.37 ±0.32 
2.76 ±0.17 
2.75 ±0.29 
2.68 ±0.20 

2.59 ±0.22 

2.68 ±0.18 
2.54 ±0.10 

2.35 ±0.23 
2.37 ±0.25 

2.29 ±0.22 
2.33 ±0.12 

2.60 ±0.31 
2.48 ±0.18 
2.16 ±0.19 
2.80 ±0.14 

2.69 ±0.18 
2.37 ±0.09 

2.36 ±0.14 
3.19 ±0.61 
2.88 ±0.15 
2.80 ±0.14 
2.63 ±0.23 
2.84 ±0.14 
2.60 ±0.12 

2.36 ±0.10 
2.78 ±0.31 
2.24 ±0.18 

2.37 ±0.12 
1.66 ±0.35 

3.30 ±0.29 
3.00 ±0.26 
3.72 ± 0.45 



,+0.40 

-0.40 
-,+0.14 
-0.14 

1 06+ - 10 

59+ 33 
a +0.28 
^-0.33 
,+0.11 
--0.08 
-,+0.13 

-0.13 
,+0.42 
-0.14 
7+0.25 
-0.75 

1 07+ - 22 
1 29+ ' 27 

74+ - 33 
u - '^-0.25 
7 +0.27 
-0.37 
1+0.13 
-0.16 
-, 99 +0.07 

62 +0 ' 28 
u -° -0.36 
34+0-37 

4+0.23 
-0.19 
,+0.22 
-0.19 
1+0.36 
-0.19 
7+0.27 
-0.23 
n+0.19 
'-0.17 
-,+0.07 
-0.14 
-+0.16 
-0.25 
5 +0.04 
-0.02 
,+0.02 
-0.01 
-+0.75 
-0.75 
2+0.11 
-0.10 
7+0.16 
' -0.17 
1+0.37 
-0.31 

44+ ' 17 
u -^*-0.16 
,+0.16 
-0.10 
1+0.13 
-0.10 
,+0.28 
5 -0.27 
a+0.25 
'-0.23 
1+0.10 
-0.16 
5 +0.20 
-0.60 
-0 34+ - 11 

0.28+£ 2 ° 

c+0.75 
-0.28 



i.ir 

LOO"" 



0.99] 
1.12j 
1.20j 
-0.13] 1 
1.17 4 



1.07; 

0.44 4 



0.84] 
0.63 4 
0.34 4 
0.67 4 
0.88 4 
0.42 4 
1.16j 
1.28j 
1.4lj 
0.75 4 
0.28 4 
0.47 4 
0.94 4 



0.93] 
0.74 4 
0.43 4 
0.88 4 
0.84 4 
1.28" 1 



0.25; 



-0.40 



+0.29 
-0.61 



-0.3V 



-0.46 
0.35 
0.13 



1+0.10 

-0.07 
-0 32+ ' 07 

45+ - 23 
u -^°-0.28 

04+ - 19 
u - u ^-0.13 

n n»+ - 07 

U - U8 -0.05 

-0 04+ ' 13 

.. + -0.04 
i - i4 -0.75 

-°- 05 -0 25 

n+° :i i 

u - iJ --0.08 
-+0.75 
-0.61 
+0.14 
-0.16 
+0.13 
-0.13 

0.59t°;i° 
O.ost™ 

12+ - 17 
u - iz -0.17 

27+ - 27 
u - z '-0.22 

-0 05 +0 - 14 

U - UJ -0.14 
-1+0.11 

0.08 

45+ - 28 
u -^°-0.23 

21+ 011 
U - Z1 -0.20 

-o io+ - 10 

u - lu -0.16 

42+ - 10 
u -^ z -0.08 
,+0.11 
-0.11 
+0.05 
-0.04 
n o 9 +0.08 
U - J -0.08 

0.301°;™ 
0.50±g;iS 
47+ - 11 

5+0.19 
0.17 
+0.11 
-0.11 

21+ - 08 
u - z± -0.07 

31+ - 07 
u - ol -0.07 

0.20l°; 2 ? 
-0.08+^? 

q+O.ll 
0.07 



0.20" 



0.03 
-0.04 



0.18" 
0.60 



-0.061 
-0.73 



+0.34 

-0.39 

U - OZ -0.04 

45+ - 31 
u '^°-0.19 
7+0.52 

0.75 



0.671 



Table B3 - continued 



Galaxy 


Sample 


Type 




log a 




H/3 






Mg b 






Fe5270 




Fc5335 




log* 


GMP2629 


J99 


SO 


2 


.188 ± 0.026 


2 


.30 ±0. 


23 


4. 


.53 ±0. 


.25 


2 


.83 ± 0.31 


2 


.68 ±0.31 


0. 


1Q+0.11 

■ J-^—Q 75 


GMP2629 


MOO 


so 


2. 


.288 ± 0.017 


1 


.69 ± 0. 


22 


4. 


.30 ±0. 


.22 


2 


.76 ±0.21 


2 


.65 ± 0.22 





00+0:42 


GMP2629 


M02 


so 


2. 


.215 ± 0.007 


2 


.06 ± 0. 


18 


4. 


26 ±0. 


11 


2 


.87 ±0.12 


2 


.56 ±0.17 





40+0:22 

23 


GMP2629 


NFPS 


so 


2. 


215 ± 0.015 


1. 


.77 ±0. 


17 


3 


55 ±0. 


17 


2 


.62 ±0.18 


2 


.66 ±0.21 





04+0:27 

37 


GMP2651 


J99 


so 


1 


993 ± 0.028 


1 


.85 ± 0. 


24 


3 


58 ±0. 


26 


3 


.30 ±0.33 


3 


.22 ±0.33 


0. 


7 4+o:34 

— 48 


GMP2651 


M02 


so 


2 


.032 ±0.016 


1. 


.87 ±0. 


14 


3 


.56 ±0. 


.12 


2 


.81 ±0.14 


2 


.62 ±0.19 





90 +o:i7 

■ 20 


GMP2651 


NFPS 


so 


1 


.984 ± 0.020 


1 


.68 ± 0. 


18 


2 


.90 ±0. 


.19 


2 


.38 ±0.20 


2 


.50 ±0.21 


1 


16 +o:i7 

■ 1U _0 14 


GMP2654 


NFPS 


so 


2 


164 ±0.016 


1 


.38 ± 0. 


18 


3 


.71 ±0. 


.16 


2 


.30 ±0.18 


2 


.35 ±0.20 


1 


, n +o:n 

— 05 


GMP2670 


M02 


E 


2. 


031 ± 0.015 


2 


.26 ± 0. 


20 


3 


58 ±0. 


.17 


3 


.02 ±0.19 


2 


.67 ±0.24 





o 7 +0."23 
—0 16 


GMP2670 


NFPS 


E 


1 


966 ± 0.019 


1 


.56 ± 0. 


15 


3 


32 ±0. 


15 


2 


.66 ±0.15 


2 


.21 ±0.17 


1 


9 o+o:i3 

— 16 


GMP2688 


M02 


X 


1 


.769 ± 0.035 


2 


.28 ± 0. 


29 


3 


.53 ±0. 


25 


2 


.80 ±0.27 


2 


.89 ±0.30 





00+0:75 

— 16 


GMP2692 


SB06 


E 


1 


.602 ± 0.109 


1 


.77 ±0. 


20 


2. 


.42 ± 0. 


.30 


2 


.25 ±0.28 


1. 


.59 ± 0.32 


1 


44+0:05 

05 


GMP2721 


M02 


SO 


1 


.745 ± 0.042 


2 


.32 ± 0. 


32 


2 


.55 ±0. 


.26 


2 


.68 ±0.29 


1 


.29 ± 0.30 





70+0:75 

' —0 25 


GMP2727 


J99 


SO 


2 


.164 ±0.036 


2 


.48 ± 0. 


27 


4. 


.34 ±0. 


.29 


3 


.18 ±0.37 


3 


.07 ±0.37 





04+0:19 

— 04 


GMP2727 


NFPS 


SO 


2. 


135 ± 0.012 


1 


.83 ± 0. 


.11 


3 


70 ± 0. 


12 


2 


.72 ±0.13 


2 


.66 ±0.14 


0. 


66 +o:25 

20 


GMP2727 


SB06 


SO 


1 


.766 ± 0.112 


1 


.75 ± 0. 


15 


4. 


01 ±0. 


26 


3 


.28 ±0.17 


2 


.70 ±0.17 





Q7 +0."23 
' 31 


GMP2727 


M02 


SBO 


2. 


121 ± 0.010 


2 


.07 ±0. 


09 


4. 


.13 ±0. 


11 


3 


.04 ±0.10 


3 


.10 ±0.12 





30 +o:i4 

— 05 


GMP2776 


NFPS 


E 


2. 


.046 ± 0.015 


1 


.74 ±0. 


12 


3 


.65 ±0. 


.13 


2 


.54 ±0.14 


2 


.51 ±0.15 


0. 


00+0:20 
■°°—0 39 


GMP2776 


J99 


SO/E 


2. 


.112 ± 0.024 


2 


.07 ±0. 


11 


4. 


.10 ±0. 


.12 


3 


.17 ±0.16 


3 


.06 ±0.16 





o 9 +o:i3 
— 07 


GMP2776 


MOO 


SO/E 


2. 


.103 ± 0.020 


1 


.99 ± 0. 


21 


4. 


.17 ±0. 


.22 


2 


.67 ±0.24 


1 


.93 ±0.27 





74 +0:33 
■ ' 4 — 45 


GMP2776 


M02 


SO/E 


2. 


081 ± 0.012 


1 


.75 ± 0. 


.11 


4. 


08 ± 0. 


11 


2 


.86 ±0.11 


2 


.60 ±0.14 





90 +o:i7 

20 


GMP2778 


NFPS 


SO/a 


1 


798 ± 0.029 


2 


.03 ± 0. 


.27 


2. 


.19 ±0. 


24 


2 


.00 ±0.24 


2 


.17 ±0.23 


0. 


90 +o:eo 

w _q 27 


GMP2778 


M02 


SBO/a 


1 


.760 ± 0.048 


2 


.80 ±0. 


32 


3 


30 ±0. 


.27 


2 


.11 ±0.29 


2 


.63 ±0.31 





10+0:17 

' —0 22 


GMP2783 


M02 


E/SO 


1 


.600 ±0.123 


1. 


.93 ± 0. 


44 


3 


.14 ±0. 


.37 


2 


.20 ± 0.40 





.04 ±0.42 





00+0:52 

29 


GMP2795 


MOO 


SO 


2 


.402 ± 0.015 


1. 


.67 ±0. 


18 


4. 


.45 ± 0. 


.19 


2 


.96 ±0.21 


2 


.28 ±0.24 


1 


01 +o:27 

— 34 


GMP2795 


M02 


SO 


2 


.380 ± 0.009 


1 


.59 ± 0. 


10 


4. 


.54 ±0. 


.07 


3 


.11 ±0.10 


2 


.74 ±0.19 





94+0:14 

23 


GMP2795 


NFPS 


SO 


2. 


367 ± 0.008 


1 


.59 ± 0. 


.08 


3 


87 ±0. 


.08 


2 


.59 ±0.09 


2 


.42 ±0.11 


1 


06 +o:i3 

07 


GMP2798 


J99 


E 


2. 


308 ± 0.025 


1. 


.67 ±0. 


19 


4. 


27 ±0. 


19 


2 


.91 ±0.25 


2 


.77 ±0.25 





90 +0.'36 
au -0.42 


GMP2798 


NFPS 


E 


2. 


315 ±0.008 


1 


.58 ± 0. 


07 


3 


63 ±0. 


08 


2 


.52 ±0.10 


2 


.53 ±0.11 


1 


-1 q ~\~ . 8 
1,3 -0.07 


GMP2805 


M02 


SO 


2 


.106 ± 0.010 


2 


.05 ± 0. 


10 


4. 


.17 ±0. 


.11 


2 


.81 ±0.10 


2 


.62 ±0.13 





44+0.10 


GMP2805 


NFPS 


SO 


2. 


.074 ±0.011 


1. 


.74 ±0. 


10 


3 


.77 ±0. 


.10 


2 


.72 ±0.11 


2 


.38 ±0.12 





OO+0.19 
° y -0.20 


GMP2805 


SB06 


SO 


1 


.944 ± 0.059 


1 


.65 ± 0. 


15 


4. 


.12 ±0. 


.26 


2 


.70 ±0.21 


2 


.63 ±0.21 


1 


04+O.27 
u ^-0.17 


GMP2815 


M02 


SO 


1 


932 ±0.019 


1. 


.23 ± 0. 


16 


3 


.51 ±0. 


.12 


3 


.03 ±0.15 


3 


.18 ±0.19 


1 


07+O.O5 
ci '-0.04 


GMP2861 


NFPS 


SO/a 


2. 


097 ±0.012 


1 


.83 ± 0. 


10 


3 


58 ±0. 


10 


2 


.54 ±0.11 


2 


.43 ±0.13 





oo+0. 14 
-0.33 


GMP2866 


M02 


E 


1 


908 ± 0.030 


1. 


.87 ±0. 


16 


3 


.34 ±0. 


13 


2 


.22 ±0.16 


1 


.89 ±0.21 


1 


n 5 +0.19 
uo -0.10 


GMP2894 


M02 


SO 


1 


.863 ± 0.037 


2 


.22 ± 0. 


21 


3 


.78 ± 0. 


.13 


2 


.73 ±0.16 


2 


.34 ± 0.21 


0. 


4 o+0.25 
*°-0.20 


GMP2912 


J99 


E 


2 


.187 ±0.017 


2 


,20 ± 0. 


24 


4. 


.12 ±0. 


.25 


3 


.05 ±0.31 


2 


.93 ±0.31 





9fi +0.22 
ZO -0.22 


GMP2912 


M02 


E 


2 


.167 ±0.008 


1 


.89 ± 0. 


10 


4. 


.07 ±0. 


.11 


3 


.10 ±0.11 


3 


.17 ±0.14 





48+0-17 

^°-0.08 


GMP2912 


NFPS 


SO 


2. 


166 ± 0.013 


1 


.76 ± 0. 


11 


3 


65 ±0. 


12 


2 


.61 ±0.13 


2 


.55 ±0.14 





oc+0.22 
oo -0.37 



[Z/H] 



+0.29 
0.27 
+0.25 
-0.22 

40+ 16 
u - w _0.16 

15+ - 19 
u - lo -0.20 

o 1O + 0.27 

U ' iS -0.25 
-+0.14 
-0.10 
7+0.16 
-0.11 

-0 19+ ' 14 
u ' la -0.11 

031+0.17 

U - O1 -0.29 
o 20 +0.i3 
u ' zu -0.10 
,+0.31 
-0.36 
,+0.49 
'-0.16 
h0.20 
-0.14 

i-03±g:i| 

0.28lg;l« 

0.09i ;H 
ho. 10 



0.80 
0.16 



-cos: 

-0.27+ 



0.36] 
-0.99j 
-0.45+ 



0.57 
0.12 
0.56 
0.12 
0.09 
-0.38 



-0.10 
0.10 

-0.16 
+0.11 
0.10 
+0.14 
0.20 
+0.10 
0.08 
+0.23 
0.63 
0.39 



0-47_ . 20 

-0 50+ 13 
U.OU_ n 25 

,+0.16 

-0.13 

,+0.10 

-0.07 

7 +0.07 

-0.07 

hO.16 



0.11] 
0.23+ 
0.07+ 



0.17 
-0.03 
0.40 
0.14 
0.03 
-0.34 
0.14 
-0.32 
0.24 
0.62 1 



-0.19 
0.07 
-0.05 
0.10 
0.10 
+0.10 
0.07 
+0.17 
0.13 
+0.14 
0.10 
0.08 
-0.11 
0.08 
-0.08 
0.16 
0.23 
,+0.42 
-0.23 
45+0.10 
U - £ "J_0.13 
ir+0.13 



Table B3 - continued 



Galaxy 


Sample 


Type 




log cr 




H/3 






Mgb 






Fc5270 




Fc5335 




log* 


[Z/H] 


GMP2921 


SB06 


E 


2 


.544 ± 0.005 


1. 


.34 ± 0. 


15 


5. 


.17 ±0. 


23 


3 


.11 ±0.17 


2 


.84 ±0.20 


1 


08+ o 08 




GMP2921 


J99 


cD 


2 


.608 ±0.014 


1 


.86 ± 0. 


07 


5. 


.54 ±0. 


07 


3 


.32 ±0.08 


3 


.24 ±0.08 





9 o + (L05 

^"J Q Ql 


1.07+™* 


GMP2921 


MOO 


cD 


2 


593 ± 0.025 


1 


.94 ± 0. 


22 


5. 


.39 ±0. 


24 


3 


.02 ±0.25 


3 


.22 ± 0.28 


0. 


19 +o:i6 

01 


1 16+ - 02 

— 19 


GMP2921 


M02 


cD 


2 


599 ± 0.011 


2 


.02 ± 0. 


08 


5 


39 ±0. 


08 


3 


.06 ±0.12 


3 


.03 ± 0.27 


0. 


14 +o:o2 

— (J 1 


1 ,0+0:02 
01 


GMP2921 


NFPS 


cD 


2 


574 ± 0.007 


1 


.24 ± 0. 


06 


4. 


.31 ±0. 


09 


2 


.20 ±0.09 


1 


.71 ± 0.12 


1 


— 01 


-0.18t°$ 


GMP2922 


J99 


E 


2 


.257 ± 0.025 


1 


.73 ±0. 


.26 


5 


.16 ±0. 


.27 


3 


.49 ±0.35 


3 


.44 ±0.35 


0. 


01+0:75 

17 


°- 92 -°:36 


GMP2922 


M02 


E 


2 


.257 ± 0.009 


1 


.94 ± 0. 


.08 


4. 


.55 ±0. 


11 


2 


.79 ±0.09 


2 


.80 ± 0.13 





41 +o:o7 

13 


0.55 q 07 


GMP2922 


NFPS 


E 


2. 


.293 ± 0.014 


1 


.78 ± 0. 


14 


4. 


.20 ±0. 


15 


2 


.52 ±0.17 


2 


.43 ± 0.19 





QA+0'27 
— 34 


0.37+^ 


GMP2940 


M02 


E 


2 


091 ± 0.013 


2 


.27 ±0. 


16 


4. 


30 ±0. 


13 


2 


.69 ±0.16 


2 


.37 ±0.21 


0. 


Oil 


0.54+° : « 


GMP2942 


M02 


E 


2 


.176 ±0.008 


1 


.53 ± 0. 


17 


4. 


.51 ±0. 


14 


2 


.40 ±0.18 


2 


,08 ± 0.23 


1 


19 +o:ie 

13 


-0.06+° : l? 


GMP2942 


NFPS 


E 


2 


198 ± 0.025 


1 


.57 ±0. 


29 


4. 


.16 ±0. 


26 


2 


.01 ±0.28 


2 


.07 ±0.29 


1 


06 +o:36 

75 


0.04+° : y 


GMP2945 


M02 


SO 


2 


066 ± 0.012 


2 


.02 ± 0. 


13 


4. 


.07 ±0. 


11 


2 


.91 ±0.13 


2 


.54 ±0.17 





54 +o:i6 

— 25 


0.30+° : « 


GMP2945 


NFPS 


SO 


2 


.038 ± 0.017 


1 


.78 ± 0. 


14 


3 


.78 ± 0. 


13 


2 


.91 ±0.14 


2 


.61 ± 0.15 


0. 


79 +Oi29 
16 


0.26+^ 


GMP2956 


J99 


so 


2 


117 ±0.027 


1 


,82 ± 0. 


29 


4. 


.29 ±0. 


30 


3 


.53 ±0.38 


3 


.48 ± 0.38 





z Q +0'.75 
40 


0.60+°^ 


GMP2956 


M02 


so 


2 


.081 ± 0.013 


2 


.00 ±0. 


18 


3 


97 ±0. 


14 


2 


.88 ±0.17 


2 


.56 ± 0.22 





60 +o:3i 

33 


0.24+° : £ 


GMP2956 


NFPS 


so 


2 


074 ±0.010 


1 


.80 ±0. 


08 


3 


70 ± 0. 


09 


2 


.94 ± 0.09 


2 


.62 ± 0.10 


0. 


71 +o:i7 

1 -0.08 


0.25+H, 


GMP2960 


M02 


SAO 


1 


.805 ± 0.033 


2 


.14 ±0. 


27 


2 


.86 ±0. 


22 


2 


.27 ±0.25 


2 


.11 ± 0.27 


0. 


77 +0.31 
17 


-0.30+° : £ 


GMP2975 


J99 


E 


2 


.178 ± 0.017 


2 


,09 ± 0. 


.08 


4. 


.16 ±0. 


09 


2 


.76 ±0.11 


2 


.60 ±0.11 





40+ o iI 


0- 41+ 005 


GMP2975 


M02 


E 


2 


.187 ±0.008 


2 


.51 ± 0. 


21 


4. 


.76 ± 0. 


17 


2 


.85 ±0.20 


3 


.36 ± 0.25 





09 +o:o2 

01 


1.05+H? 


GMP2975 


NFPS 


E0 


2 


.183 ± 0.017 


1 


.57 ± 0. 


15 


3 


.80 ±0. 


14 


2 


.44 ±0.16 


2 


16 ± 0.18 


1 


15+0:17 

11 


-0-05+g : iJ 


GMP2989 


M02 


Sa 


1 


854 ± 0.079 


2 


.78 ± 0, 


20 


2 


84 ±0. 


14 


2 


.49 ±0.17 


2 


.20 ±0.22 


0. 


29+0:17 

16 


0.02+0-^ 


GMP3055 


J99 


E 


2 


.314 ±0.017 


1 


,78 ± 0, 


16 


4. 


.69 ±0. 


17 


3 


.05 ±0.21 


2 


.93 ± 0.21 





c 7 +o:i3 
31 


0.51+°'^ 


GMP3055 


M02 


E 


2. 


.288 ± 0.011 


1 


,71 ±0, 


08 


4. 


85 ±0. 


11 


2 


,86 ± 0.09 


2 


.54 ±0.13 


0. 


70 +o:i7 

OS 


0.36+° : ° 7 


GMP3055 


NFPS 


E 


2 


.282 ± 0.007 


1 


.59 ± 0. 


07 


3 


.96 ±0. 


07 


2 


.46 ±0.08 


2 


.23 ± 0.10 


1 


07 +o:n 
05 


0.04+° : °* 


GMP3058 


SB06 


E 


1 


.602 ±0.109 


2 


.51 ± 0. 


.24 


2 


.14 ±0. 


36 


2 


.08 ±0.31 


1 


.59 ± 0.39 





KH +o:67 




GMP3068 


J99 


SO 


1 


.979 ± 0.030 


1 


.71 ±0. 


27 


3 


.71 ±0. 


29 


2 


.54 ±0.37 


2 


,34 ±0.37 


1 


og +o:27 

75 


-0.18+°-g 


GMP3068 


M02 


SBO 


2 


.003 ± 0.014 


2 


,42 ± 0, 


16 


3 


.62 ±0. 


13 


3 


.02 ±0.16 





,00 ±0.00 


0. 


9n +o:io 

07 

45+0:25 

4o -0.19 


om+° f g 


GMP3068 


NFPS 


Sa 


1 


.988 ± 0.018 


2 


.09 ± 0, 


16 


3 


.35 ±0. 


16 


2 


.80 ±0.17 


2 


.57 ±0.17 


0. 


00+0:13 
u -°°-0.16 


GMP3073 


J99 


SO 


2 


.252 ± 0.036 


2 


,03 ± 0, 


14 


4. 


.61 ±0. 


15 


3 


.43 ±0.20 


3 


.37 ±0.20 


0. 


z -0.11 


_i_n on 
0.89+011 


GMP3073 


MOO 


SO 


2 


.230 ±0.018 


1 


.59 ± 0. 


20 


4. 


.43 ± 0. 


21 


3 


.07 ±0.24 


2 


.60 ±0.26 


1 


04+0.29 
u ^-0.34 


1 3+° :i6 


GMP3073 


M02 


SO 


2 


.220 ± 0.007 


1. 


.67 ±0, 


10 


4 


.39 ±0. 


11 


3 


.06 ±0.09 


2 


.77 ±0.12 





QR+0.20 
8b -0.19 


n 90+0. 08 


GMP3073 


NFPS 


SO 


2 


.207 ± 0.009 


1 


.77 ±0. 


08 


3 


.68 ±0. 


08 


2 


.50 ±0.09 


2 


.51 ± 0.10 





OO + 0.13 

' 8d -0.14 


15+ - 07 


GMP3084 


M02 


E 


2 


070 ± 0.013 


1 


.61 ± 0. 


10 


4. 


09 ± 0. 


11 


3 


.03 ±0.11 


2 


.73 ± 0.15 


1 


07 +o.i7 

u '-0.07 


04 +0 - 08 

u - u ^-0.08 


GMP3084 


NFPS 


SO 


2 


.079 ± 0.012 


1 


.47 ±0. 


11 


3 


.60 ±0. 


11 


2 


.61 ±0.11 


2 


.43 ± 0.12 


1 


94+0.10 
z ^-0.05 


-0 11+ - 08 
u - ±i -0.07 


GMP3092 


M02 


E 


1 


813 ± 0.039 


1 


.71 ± 0. 


19 


3 


.50 ±0. 


16 


2 


.91 ±0.19 


2 


14 ±0.23 


1 


16 +0.19 
iD -0.25 


-0 2o+ ' 25 

u - zo -o.io 


GMP3113 


M02 


E/SO 


1 


.700 ± 0.058 


1 


.13 ± 0. 


.41 


3 


.85 ±0. 


35 


2 


.03 ± 0.40 





.00 ±0.00 


1 


4s +0.08 
' 48 -0.10 


-0 74+ - 75 


GMP3121 


SB06 


E 


1 


.602 ± 0.109 


1 


.52 ± 0. 


.25 


3 


.08 ± 0. 


35 


2 


.50 ±0.34 


2 


.77 ±0.38 


1 


9Q+0.2B 
zy -0.10 




GMP3126 


M02 


SO 


1 


.757 ±0.052 


2 


.37 ±0. 


24 


3 


.13 ±0. 


19 


2 


.79 ±0.22 


2 


.78 ± 0.25 





or+0.34 
OD -0.20 


0.18+^ - 


GMP3131 


SB06 


E 


1 


.602 ± 0.109 


1 


.50 ±0. 


28 


2 


.53 ±0. 


39 


2 


.57 ±0.34 


1 


.76 ± 0.39 


1 


48+0-05 

4o -0.04 


-l.03i° ;^ - 



Table B3 - continued 



Galaxy 



Sample Type 



log cr 



H/3 



Mgf> 



Fc5270 



Fc5335 



l0Rt 



[Z/H] 



GMP3165 
GMP3165 
GMP3165 
GMP3170 
GMP3170 
GMP3170 
GMP3178 
GMP3196 
GMP3201 
GMP3201 
GMP3201 
GMP3201 
GMP3206 
GMP3213 
GMP3213 
GMP3222 
GMP3254 
GMP3254 
GMP3262 
GMP3269 
GMP3269 
GMP3269 
GMP3291 
GMP3291 
GMP3296 
GMP3296 
GMP3296 
GMP3296 
GMP3298 
GMP3328 
GMP3329 
GMP3329 
GMP3329 
GMP3329 
GMP3329 
GMP3329 
GMP3352 
GMP3352 
GMP3352 
GMP3352 



J99 

M02 

NFPS 

J99 

NFPS 

M02 

NFPS 

SB06 

J99 

MOO 

M02 

NFPS 

NFPS 

M02 

NFPS 

NFPS 

SB06 

LPJS 

NFPS 

LPJS 

NFPS 

SB06 

LPJS 

M02 

J99 

M02 

NFPS 

SB06 

M02 

J99 

LPJS 

J99 

MOO 

M02 

NFPS 

SB06 

MOO 

M02 

LPJS 

NFPS 



SO/a 

SO/a 

SO/a 

SO 

SO 

SBO 

SO 

E 

E 

E 

E 

E 

SO 

E 

E 

E 

E/SO 

SO 

SO 

SO 

SO 

SO 

SO 

SO 

SO 

so 
so 
so 
so 
so 

E 

cD 

cD 

cD 

cD 

cD 

E/SO 

E/SO 

SO 

SO 



2.225 ±0.036 
2.154 ±0.014 
2.140 ±0.010 
2.210 ± 0.036 
2.137 ±0.010 
2.136 ± 0.016 
2.079 ± 0.011 
1.713 ± 0.060 
2.261 ± 0.025 
2.246 ± 0.029 
2.215 ± 0.008 
2.219 ± 0.011 
1.993 ± 0.020 
2.107 ±0.009 
2.109 ± 0.018 
2.191 ± 0.039 
2.011 ± 0.046 
2.070 ± 0.013 
1.885 ± 0.041 
2.044 ±0.014 
1.997 ±0.018 
1.997 ±0.034 
1.827 ±0.037 
1.757 ± 0.038 
2.278 ± 0.036 
2.256 ± 0.010 
2.280 ± 0.008 
2.278 ± 0.009 
1.710 ± 0.070 
2.147 ±0.025 
2.432 ± 0.006 
2.415 ± 0.016 
2.471 ± 0.021 
2.439 ± 0.005 
2.438 ± 0.019 
2.496 ± 0.008 
2.290 ± 0.032 
2.338 ± 0.007 
2.320 ± 0.006 
2.318 ± 0.008 



2.28 ± 0.12 

1.91 ± 0.08 
1.90 ± 0.08 

2.12 ± 0.15 

1.74 ±0.09 
1.89 ± 0.10 
2.22 ± 0.09 

1.75 ± 0.17 
2.15 ± 0.12 

2.04 ±0.40 
2.02 ± 0.11 
1.63 ± 0.09 
1.96 ± 0.17 
1.56 ± 0.16 

1.32 ± 0.18 

1.71 ± 0.32 

1.77 ±0.15 

1.82 ± 0.07 
1.25 ± 0.41 

1.83 ± 0.04 
1.89 ± 0.14 

1.92 ± 0.12 
2.14 ±0.12 
1.31 ± 0.16 
1.61 ± 0.23 
1.65 ± 0.09 
1.81 ± 0.07 
1.52 ± 0.10 

2.33 ± 0.37 
2.08 ±0.21 
1.50 ±0.04 

1.78 ± 0.12 
2.19 ± 0.12 
1.67 ±0.13 
1.52 ± 0.15 
1.50 ±0.10 

2.05 ± 0.18 

2.13 ± 0.11 

1.72 ± 0.03 
1.44 ±0.07 



3.94 ±0.12 
3.69 ±0.09 
3.22 ±0.09 

4.44 ±0.15 
3.63 ±0.09 
4.16 ±0.11 
3.36 ±0.10 
3.02 ±0.27 
3.92 ±0.13 

3.95 ±0.42 
3.95 ±0.11 
3.50 ±0.10 
3.31 ±0.16 
4.16 ±0.13 
4.14 ±0.17 
3.14 ±0.33 
4.35 ±0.26 
3.98 ±0.07 
3.08 ± 0.34 
3.58 ±0.05 
3.43 ±0.15 
3.69 ±0.24 
3.38 ±0.13 
3.18 ±0.13 

4.60 ± 0.24 
4.62 ±0.11 

4.02 ±0.08 

4.45 ±0.23 
3.16 ±0.25 
4.22 ±0.22 
4.97 ±0.04 
5.21 ±0.13 

5.03 ±0.13 
4.86 ±0.13 
4.11 ±0.50 
4.58 ±0.26 
4.03 ±0.19 

4.90 ±0.12 

4.61 ±0.03 

3.91 ±0.08 



2.90 ±0.16 
2.84 ±0.09 

2.59 ±0.10 
3.14 ±0.20 

2.77 ±0.10 

2.96 ±0.11 
2.76 ±0.11 

2.08 ±0.21 
3.05 ±0.16 
2.68 ±0.46 

2.60 ±0.10 
2.54 ±0.10 
2.31 ±0.16 
2.81 ±0.16 

1.97 ±0.19 

2.40 ±0.32 
3.11 ±0.20 

3.09 ± 0.08 
2.28 ±0.33 

2.78 ±0.05 

2.41 ±0.16 
2.70 ±0.17 
2.72 ±0.14 
2.62 ±0.16 
3.38 ±0.31 

2.83 ±0.09 
2.54 ±0.09 
2.88 ±0.14 

2.61 ±0.28 
2.99 ±0.28 
3.01 ±0.04 
3.21 ±0.17 
2.97 ±0.14 

3.10 ±0.15 
2.38 ±0.48 
3.08 ±0.17 

2.84 ±0.20 
2.96 ±0.11 
2.92 ±0.03 
2.57 ±0.09 



2.76 ±0.16 
2.51 ± 0.12 

2.25 ± 0.12 
3.03 ± 0.20 

2.76 ± 0.11 

2.71 ± 0.12 
2.53 ± 0.13 
2.01 ± 0.24 
2.93 ± 0.16 

2.16 ± 0.53 
2.70 ±0.13 
2.24 ±0.12 

2.17 ±0.17 

2.26 ± 0.21 
1.92 ± 0.20 
1.60 ±0.37 
2.98 ± 0.20 

2.72 ± 0.09 
2.40 ±0.34 
2.51 ± 0.06 
2.63 ± 0.18 
2.46 ± 0.17 
2.65 ± 0.16 

2.30 ±0.20 

3.31 ± 0.31 
2.63 ± 0.13 
2.43 ± 0.10 
2.63 ± 0.14 
2.38 ± 0.30 
2.86 ± 0.28 
3.00 ± 0.05 
3.12 ± 0.17 
3.22 ± 0.16 
3.10 ± 0.23 

2.30 ±0.30 
2.91 ± 0.20 

2.77 ±0.22 
3.05 ± 0.15 
2.80 ±0.03 

2.31 ± 0.11 



0.27 
0.85 



0.64^ 
0.31 



1.12 
0.80 



+0.04 
■0.07 
+0.10 
-0.17 

0.87±°; 07 
0.25t°;i« 

n S1+ - 11 
u.»i_ 20 

„+0.17 
0.20 
+0.10 

-0.05 

1 29+ - 20 
± - zy -0.27 

0.321^ 
0.67t°£ 

,+o.n 

-0.07 
+0.27 
-0.33 
1 ia+016 
1 - i8 -0.13 

or, + 0.08 

1 " iZ -0.04 
-, 17 +0.25 
1 - i '-0.75 

0.67tjj;» 
0.821°;}° 

-, o 7 +0.20 
1 - 6 < -0.75 

96 +0 - 05 

u - a "-0.05 

.7i^ ; r 9 

0.86l°;J 7 

61+ 017 
U - D1 -0.31 

1 45+ - 08 
^ -0.02 
n 77+0-51 
u -' '-0.52 

0.85_ ; 17 
0.66l°;l 7 

U - OZ _0.39 
,+0.27 
0.17 
+0.05 
-0.04 
31 +°' 23 

12+ ' 02 
u - iz -o.oi 

,+0.29 
-0.33 
+0.25 
-0.22 
+0.20 
-0.14 
+0.22 
-0.20 

o-oi±8;g| 

0.681^2 

,,+0.07 
0.02 



0.52 



+0.13 
-0.11 



0.33^ 
0.90 



0.62 
1.11 
1.02 
0.43 



1.24" 1 



0.02 1 



0.20Z 
0.28^ 
0.40^ 
-0.! 



,+0.08 
-0.07 

-0 02+ ' 05 
u - uz _0.07 

+0.10 

0.08 
+0.11 
-0.08 
+0.08 
0.08 
+0.29 
-0.43 

0.481°,;" 
o.i3±g;H 

29+ - 10 
u - zy -0.16 

-0 09 +ao7 

u ' ua -0.05 

02+ - 16 
u - uz -0.16 

-0 07+ ' 08 
u - u '-0.17 

-0 20+ ' 13 

-0 30+ ' 31 

36+ 019 
n -ic+0.07 
°- 16 -0.05 

-o.45l°; 7 f 
-0.08t°;°* 
16+ - 20 

_ 001 +0.14 
u ' ul -0.13 

07+ - 13 
u - u '-o.io 

-,+0.25 
0.29 
+0.28 
-0.28 
25+ - 08 

o-3iir 8 

0.091°," 

-0 02+ ' 75 
u - uz -0.27 

54+ - 25 

u - J ^-0.22 

;j+0.04 

0.01 

0.86±g;i* 

1.091°,°? 

54+ - 17 
u -°^-0.16 
j+0.25 
-0.22 
+0.11 



-0.70" 
0.44 



0.38" 



0.08 
0.21 
0.39 



+0.17 
-0.19 
-0.04 



1 1fi T """ 
± ' iD -0.29 u ' 
-+0.02 



0.36 
-0.04 



-0.02 
0.05 



Table B3 - continued 



Galaxy 



Sample Type 



log cr 



H/3 



Mgf> 



Fc5270 



Fc5335 



log* 



[Z/H] 



GMP3367 
GMP3367 
GMP3367 
GMP3367 
GMP3390 
GMP3390 
GMP3400 
GMP3400 
GMP3400 
GMP3400 
GMP3403 
GMP3414 
GMP3414 
GMP3414 
GMP3414 
GMP3423 
GMP3423 
GMP3439 
GMP3471 
GMP3484 
GMP3484 
GMP3484 
GMP3487 
GMP3493 
GMP3493 
GMP3510 
GMP3510 
GMP3510 
GMP3522 
GMP3534 
GMP3534 
GMP3557 
GMP3557 
GMP3561 
GMP3561 
GMP3561 
GMP3565 
GMP3585 



J99 

LRIS 

M02 

NFPS 

J99 

NFPS 

J99 

M02 

NFPS 

SB06 

M02 

J99 

LRIS 

MOO 

NFPS 

M02 

NFPS 

NFPS 

M02 

LRIS 

M02 

NFPS 

M02 

M02 

NFPS 

MOO 

M02 

NFPS 

NFPS 

LRIS 

M02 

M02 

NFPS 

NFPS 

SB06 

MOO 

LRIS 

M02 



SO 
SO 
SO 
SO 
SO 
SO 

SO/a 

SO/a 

SO/a 

SO/a 

E 

SO 

so 
so 

SO/a 
SO 
SO 
SO 

E/SO 

SO 

SO 

SO 

SO 

SO 

so 

E 
E 
E 
SO 

so 
so 

E 

E/SO 

E 

E 

SO 

E 

E/SO 



2.193 ±0.036 
2.252 ±0.007 
2.248 ± 0.004 
2.234 ±0.015 
2.225 ±0.036 
2.127 ±0.009 
2.337 ±0.036 
2.358 ±0.006 
2.353 ±0.007 
2.409 ± 0.005 
1.973 ±0.022 
2.243 ±0.036 
2.215 ±0.007 
2.240 ±0.028 
2.248 ±0.009 
2.407 ±0.011 
2.362 ±0.010 
1.800 ±0.024 
1.928 ± 0.040 
2.061 ±0.013 
2.119 ±0.008 
2.086 ± 0.013 
1.983 ±0.016 
2.178 ±0.006 
2.176 ±0.011 

2.302 ±0.016 
2.308 ± 0.009 

2.303 ± 0.009 
2.079 ±0.019 
1.765 ± 0.045 
1.812 ±0.041 
1.943 ±0.018 
1.861 ±0.024 
2.389 ±0.011 
2.488 ± 0.006 
2.445 ±0.018 
1.615 ±0.107 
1.723 ±0.190 



1.85 ±0.24 

1.81 ±0.04 

1.77 ±0.09 

1.73 ±0.12 

2.75 ±0.33 
1.85 ±0.08 
2.14 ±0.27 
2.06 ±0.10 

1.83 ±0.06 
1.87 ±0.10 
1.95 ±0.13 
1.85 ±0.22 

1.76 ±0.04 
1.61 ±0.22 
1.61 ±0.08 
1.55 ±0.09 
1.63 ±0.09 
3.03 ± 0.20 
1.97 ±0.14 

1.78 ±0.05 
2.02 ±0.11 
1.48 ±0.11 
1.55 ±0.17 
1.51 ±0.16 
1.70 ±0.10 
1.42 ±0.18 
1.68 ±0.10 
1.38 ±0.08 

1.74 ±0.17 
2.24 ±0.09 
1.02 ±0.30 

1.79 ±0.20 

1.82 ±0.22 

1.84 ±0.13 
1.65 ±0.07 
2.14 ±0.21 
2.24 ±0.20 
3.05 ± 0.30 



4.79 ±0.24 
4.47 ±0.04 
4.52 ±0.10 
3.98 ±0.13 
4.02 ±0.35 
3.64 ±0.08 

4.66 ±0.29 

4.42 ±0.12 

3.95 ±0.08 

4.43 ± 0.23 
3.51 ±0.11 
4.70 ±0.22 

4.46 ± 0.04 

4.39 ±0.23 

3.93 ±0.09 

4.94 ±0.08 

4.36 ±0.10 
2.05 ±0.20 

3.80 ±0.12 

3.96 ±0.05 
4.26 ±0.11 
3.41 ±0.11 

4.85 ±0.14 

4.47 ±0.13 
3.89 ±0.10 
4.79 ±0.19 

4.86 ±0.09 

4.40 ± 0.09 
3.21 ±0.15 
3.13 ±0.09 
2.77 ±0.26 

3.67 ±0.17 
3.29 ±0.21 
3.89 ±0.14 
4.63 ±0.23 
4.46 ±0.17 

2.87 ±0.21 

1.37 ±0.24 



2.58 ±0.31 
2.82 ± 0.05 
2.73 ± 0.09 
2.37 ±0.15 
3.13 ± 0.44 
2.80 ±0.09 

3.26 ± 0.37 
2.99 ± 0.11 
2.49 ± 0.09 
2.91 ± 0.10 

2.85 ± 0.13 
2.96 ± 0.28 

2.95 ± 0.04 

2.82 ± 0.27 
2.75 ± 0.10 

2.86 ± 0.10 
2.36 ± 0.11 
2.31 ± 0.21 
2.23 ± 0.15 

2.83 ± 0.06 
3.02 ± 0.11 
2.49 ± 0.12 
2.62 ± 0.17 

2.87 ±0.16 
2.21 ± 0.11 

2.96 ± 0.22 
2.99 ± 0.09 
2.65 ± 0.10 
2.23 ± 0.17 
2.48 ± 0.10 

2.27 ±0.29 
2.71 ± 0.20 
2.45 ± 0.21 
2.56 ± 0.16 
3.11 ± 0.10 
2.98 ± 0.24 
2.35 ± 0.23 
1.51 ± 0.28 



2.39 ±0.31 
2.63 ±0.05 
2.58 ±0.14 
2.43 ±0.17 
3.02 ± 0.44 
2.48 ±0.10 
3.18 ±0.37 
2.79 ±0.16 

2.62 ±0.11 
2.94 ±0.14 
2.84 ±0.17 
2.82 ±0.28 
2.89 ±0.05 
2.43 ± 0.29 
2.48 ±0.11 
2.84 ±0.18 

2.17 ±0.13 
2.21 ±0.22 
2.41 ±0.20 

2.63 ±0.07 
2.46 ±0.15 
2.11 ±0.13 
2.92 ±0.22 

2.40 ± 0.22 

2.10 ±0.12 
2.76 ±0.24 
2.84 ±0.16 
2.33 ±0.11 
2.04 ±0.17 
2.27 ±0.11 
2.61 ±0.31 
2.26 ±0.24 
2.36 ±0.21 

2.11 ±0.19 
2.98 ±0.14 
2.87 ±0.25 
2.25 ±0.26 

1.18 ±0.30 



<S7+°- a4 
u -°'-0.39 

66+ 04 
u - DD -0.04 

69+"' 20 
u - uy -o.io 

-0 01+ 016 
u - ul -0.75 

70+ - 19 

u ' '-0.08 

20+ ' 10 
u - zu -0.13 

30+ ' 11 

60+ - 08 
u - uu -o.ii 

0.481°;" 

0. 741°;!! 
0A8t° .tl 

°- 66 -0.02 

1 06+ - 29 

1. UD_q 3 g 

1.001°;°! 
0.88l°- 

89+ - 16 
u -° y -o.io 

,+0.75 
"-0.75 
,+0. 19 

-0.34 

89+ ' 08 
u -° y _0.05 

55+ 16 
U.OO_ Q 23 

-I OO+0.07 

0- 86l°;g 

7+0.17 
-0.13 
-,+0.14 
-0.14 

1 09+ ' 27 

67+ - 20 

u -°'-0.17 

1 20+"- 10 
± - zu -0.05 

1 - U8 -0.07 
K+0.07 

-0.07 
,+0.02 
-0.01 
,+0.23 
-0.17 
94+ 33 

74+0-31 
u -'^-0.16 

77+ - 14 
n 26 +0,22 

U - ZD -0.19 

70+ - 16 

u - ' u -0.22 
,+0.46 

0.75 



0.42 



+0.22 

-0.28 



0.22] 



i.i7: 

1.00"' 



0.66: 
1.52j 
1.03"* 



,+0.04 

-0.04 

0.28l°;ig 

0.20l°;it 
R +o.io 

'-0.14 
,+0.08 
"-0.05 
,+0.22 
-0.20 
-,+0.13 
-0.08 

37+ - 11 
U - d '-0.05 

O-Sllo^ 
0.081°;- 

-+0.22 
-0.29 
+0.04 
-0.04 
+0.19 
0.16 
+0.07 
0.05 

u -° -0.08 

21+ 08 
u ' zl -0.07 

07 + °- 75 

u - u ' -0.22 
-0 03+ - 14 

0.07l°;°I 
0.36l°;Jt 

-+0.07 
-0.07 
-,+0.33 
J -0.16 
^+0.13 



0.32 1 



0.98: 
0.22^ 
0.92^ 
0.60"* 



0.56 
0.36 
0.07 
0.14 



0.61" 



-0.26 
0.30 
0.04 
0.03 
0.18 
0.45 
0.12 
-0.21 
-0.09 
-1.05 
-0.13 
-0.04 
0.20 
0.37 
0.70 
-0.25 
-0.93 



-o.io 

+0.10 
0.08 
+0.14 
0.17 
+0.11 
0.10 
+0.05 
0.05 
+0.11 
0.10 
+ 0.05 
0.02 
+0.07 
0.04 
+0.14 
0.16 
+0.20 
0.22 
+0.10 
-0.19 
+0.13 
-0.11 
+0.37 
0.19 
+0.17 
0.08 
+0.36 
0.75 



Table B3 - continued 



Galaxy 


Sample 


Type 




log cr 




H/3 




Mg b 






Fe5270 




Fc5335 




logt 


GMP3639 


J99 


E 


2 


.350 ± 0.025 


1 


.77 ±0. 


37 


4.87 ±0. 


38 


2 


.97 ± 0.49 


2 


.84 ±0.49 





rr+0.75 
75 


GMP3639 


LPJS 


E 


2. 


.351 ±0.007 


1 


.85 ± 0. 


03 


4.60 ±0. 


03 


2 


.90 ±0.04 


2 


.87 ±0.04 







GMP3639 


M02 


E 


2 


.319 ±0.004 


1 


.75 ± 0. 


08 


4.55 ±0. 


07 


2 


.74 ±0.10 


2 


.57 ±0.18 


0. 


79 +o:i7 

10 


GMP3639 


SB06 


E 


2 


393 ±0.010 


1 


.72 ± 0. 


12 


4.58 ±0. 


26 


2 


.81 ±0.17 


2 


.91 ± 0.20 


0. 


66 +o:2B 

uu _0 22 


GMP3656 


SB06 


E 


2 


191 ±0.027 


1 


.50 ±0. 


13 


3.90 ±0. 


26 


2 


.63 ±0.21 


2 


.39 ± 0.21 


1 


— 05 


GMP3656 


NFPS 


E/SO 


2 


.143 ± 0.013 


1 


.61 ± 0. 


12 


3.31 ±0. 


12 


2 


.00 ±0.13 


1 


.90 ± 0.14 


1 


05 


GMP3656 


J99 


SO 


2 


.116 ± 0.031 


1 


.54 ± 0. 


21 


3.76 ±0. 


22 


2 


.68 ±0.28 


2 


.51 ±0.28 


1 


24 +o:i6 

z -0.19 


GMP3660 


J99 


SO 


2 


.129 ± 0.036 


2 


.13 ± 0. 


15 


4.11 ±0. 


16 


2 


.72 ±0.20 


2 


.55 ± 0.20 


0. 


no + 0.10 

— 14 


GMP3660 


M02 


SO 


2 


088 ± 0.014 


1 


.59 ± 0. 


12 


4.03 ±0. 


11 


2 


.72 ±0.11 


2 


.65 ± 0.14 


1 


19 +0!l6 
08 


GMP3660 


NFPS 


SO 


2 


.118 ± 0.011 


1 


.65 ± 0. 


09 


3.90 ±0. 


10 


2 


.49 ±0.11 


2 


.24 ±0.12 


1 


no+0^16 

— 13 


GMP3660 


SB06 


SO 


2 


115 ±0.013 


1 


.79 ± 0. 


12 


3.90 ±0. 


24 


2 


.98 ±0.17 


2 


.63 ± 0.17 


0. 


go +o:i9 

23 


GMP3661 


J99 


SO 


2 


.255 ± 0.025 


2 


.03 ± 0. 


24 


3.92 ±0. 


26 


2 


.48 ±0.33 


2 


.27 ±0.33 





68+^42 


GMP3661 


MOO 


so 


2 


.241 ± 0.024 


2 


.27 ± 0. 


23 


4.16 ±0. 


24 


2 


.77 ±0.25 


2 


,89 ± 0.28 





99 +0.27 




GMP3664 


LPJS 


E 


2. 


.345 ± 0.006 


1 


.69 ± 0. 


04 


4.73 ±0. 


04 


2 


.90 ±0.05 


2 


.85 ± 0.05 


0. 


R7 +o!o5 

— 05 


GMP3664 


M02 


E 


2 


.273 ± 0.007 


1 


.68 ± 0. 


08 


4.47 ±0. 


09 


2. 


.59 ±0.09 


2 


.53 ± 0.14 


0. 


9° + o : o7 


GMP3664 


NFPS 


E 


2 


.314 ±0.007 


1 


.59 ± 0. 


07 


4.00 ±0. 


07 


2 


.59 ±0.09 


2 


.45 ± 0.10 


1 


.oo+° : °° 


GMP3664 


SB06 


E 


2 


344 ±0.010 


1 


.57 ±0. 


12 


4.22 ±0. 


26 


3 


.22 ±0.17 


3 


.42 ± 0.20 


0. 


QQ+0.23 
— 42 


GMP3697 


M02 


E 


2 


.109 ± 0.018 


1 


.42 ± 0. 


14 


4.17 ±0. 


11 


2 


.54 ±0.10 


2 


.44 ±0.13 


1 


9o + 0:i0 
04 

96 +o:2B 

— 13 


GMP3697 


NFPS 


E 


2 


.081 ± 0.017 


1 


.70 ± 0. 


14 


3.92 ±0. 


15 


2 


.41 ±0.16 


2 


.15 ± 0.18 





GMP3706 


M02 


E 


1 


.975 ± 0.017 


2 


.21 ± 0. 


13 


3.99 ±0. 


11 


2 


.75 ±0.13 


2 


.55 ± 0.17 


0. 


o9+0!l3 
— 08 


GMP3707 


NFPS 


SO 


1 


772 ± 0.041 


1 


.53 ± 0. 


34 


3.59 ±0. 


31 


2 


.09 ±0.32 


1 


.73 ± 0.31 


1 


9^+0:27 
75 


GMP3730 


J99 


E 


2 


.297 ±0.015 


1 


.57 ±0. 


27 


4.50 ±0. 


28 


3 


19 ±0.35 


3 


.09 ± 0.35 


0. 


90 +o:49 

42 


GMP3730 


M02 


E 


2 


.334 ±0.012 


1 


.62 ± 0. 


09 


4.94 ±0. 


10 


2 


.84 ± 0.09 


2 


.87 ±0.14 


0. 


79 +o!i9 

— 23 


GMP3730 


NFPS 


E 


2 


.288 ± 0.009 


1 


.47 ±0. 


08 


4.29 ±0. 


09 


2 


.38 ±0.10 


2 


.17 ±0.11 


1 


ic;+0:i3 
08 


GMP3730 


SB06 


E 


2 


.354 ± 0.005 


1 


.65 ± 0. 


07 


4.81 ±0. 


23 


2 


.94 ±0.10 


2 


,81 ± 0.10 





74 +o:i6 

— 11 


GMP3733 


M02 


SO 


2 


.241 ± 0.007 


1 


.73 ± 0. 


09 


4.85 ±0. 


11 


2 


.98 ±0.09 


2 


.56 ± 0.12 





69 +o:i6 

10 


GMP3733 


NFPS 


SO 


2 


.249 ± 0.010 


1 


.26 ± 0. 


08 


4.44 ± 0. 


09 


2 


.60 ±0.10 


2 


.30 ±0.11 


1 


on+O^OS 
02 


GMP3739 


NFPS 


E 


2 


222 ± 0.012 


1 


.52 ±0. 


11 


4.25 ±0. 


11 


2 


.59 ±0.12 


2 


18 ± 0.14 


1 


n o+o:i9 

U8 -0.07 


GMP3739 


SB06 


E 


2 


.234 ± 0.008 


1 


.50 ±0. 


10 


4.40 ± 0. 


23 


2 


.63 ±0.14 


2 


.67 ±0.14 


1 


1 A IK 
-1 Q-f-U. ID 

iJ -0.22 


GMP3761 


J99 


SO 


2 


.276 ± 0.036 


2 


.10 ± 0. 


.12 


4.40 ± 0. 


12 


3 


.20 ±0.16 


3 


11 ± 0.16 


0. 


9fi +0.05 
ZD -0.05 


GMP3761 


NFPS 


SO/a 


2 


.136 ± 0.015 


1 


.79 ± 0. 


13 


3.75 ±0. 


Id 


2 


.54 ±0.16 


2 


,68 ± 0.17 





gg+0.25 
DD -0.22 


GMP3782 


M02 


SO 


2 


.064 ±0.012 


1 


.80 ± 0. 


13 


4.30 ±0. 


11 


2 


.76 ±0.12 


2 


,51 ± 0.16 


0. 


77 +0.28 
•' -0.29 


GMP3782 


NFPS 


SO 


2 


032 ± 0.016 


1 


.49 ± 0. 


14 


3.76 ±0. 


13 


2 


.66 ±0.14 


2 


,24 ±0.15 


1 


QO + 0.13 

^-0.05 


GMP3792 


J99 


E 


2 


.390 ±0.017 


1 


.82 ± 0. 


23 


5.36 ±0. 


24 


2 


.79 ±0.31 


2 


,63 ± 0.31 


0. 


oc+0.75 
OJ -0.22 


GMP3792 


MOO 


E 


2 


.453 ± 0.026 


1 


.41 ± 0. 


22 


5.34 ±0. 


24 


2 


.98 ±0.25 


2 


,71 ± 0.29 


1 


00 +0.37 
uu -0.52 


GMP3792 


M02 


E 


2 


.443 ± 0.011 


1 


.20 ± 0. 


10 


5.57 ±0. 


13 


2 


.89 ±0.12 


3 


,28 ± 0.18 


1 


16 +0.13 
iD -0.25 


GMP3794 


M02 


E 


2 


.103 ± 0.008 


1 


.91 ± 0. 


13 


4.39 ±0. 


11 


2 


.60 ±0.13 


2 


,25 ± 0.18 


0. 


ec+0.25 
DO -0.22 


GMP3818 


NFPS 


SO 


2 


.246 ± 0.013 


1 


.39 ± 0. 


10 


3.76 ±0. 


11 


2 


.47 ±0.12 


2 


,38 ± 0.14 


1 


oo+0. 07 
zS -0.04 


GMP3818 


J99 


SO/a 


2 


.298 ± 0.025 


1 


.63 ± 0. 


26 


4.21 ±0. 


28 


2 


.78 ±0.35 


2 


,62 ± 0.35 


1 


n q+0.36 
UJ -0.75 



[Z/H] 



+0.58 
0.75 
+0.04 



0.55 

0.54_ 0lll 

n 97 +0.08 
u - z ' -0.08 
n 30+022 
u -'J y _0.17 
,+0.13 
-0.11 
_ 31+0-05 
u - ol -0.08 
n 9O+0.17 
u - zz -0.13 
1+0.14 
0.14 

u - uo _o.io 
0-06±g;iS 

1 +0.23 

-0.25 

0.68+°^ 

41+0-05 
u - 41 -0.O4 

U - i0 -0.07 

14+0- 07 

u - i ^-0.04 

26+ - 14 
U - ZD -0.17 

_ 17+0-08 
u - ± '-o.ii 

3+0.13 
0.13 
+0.14 



-0.23Z 



0.40" 



0.11 



0.09 



0- 4 0-o.io 

s +0.28 
-0.22 

0.28±°;£ 

o.4i±g-.iS 

7 +0.07 
0.05 
+0.11 
0.11 
+0.08 



-0.28"* 



0.07 
0.38 



39 

u - oa -0 .07 

n5+ - 07 
0.121°;"? 

o-o5±g:ii 

74+0-13 

27+ - 19 
u - z '-0.14 
1+0.11 
-0.13 
hO.10 



0.20~> 



0-76i°; 3 3 « 

j+0.19 
-0.20 
+0.17 



0.38 



°- 38 -o.io 
0.23+°;i? 

-0.l3t°;°? 

06 +0 ' 22 
u.ud_ 23 



Table B3 - continued 



Galaxy 



Sample Type 



log cr 



H/3 



Mgf> 



Fc5270 



Fc5335 



log* 



[Z/H] 



GMP3829 
GMP3851 
GMP3879 
GMP3879 
GMP3879 
GMP3882 
GMP3914 
GMP3914 
GMP3935 
GMP3943 
GMP3958 
GMP3958 
GMP3958 
GMP3972 
GMP3972 
GMP3997 
GMP3997 
GMP3997 
GMP4017 
GMP4017 
GMP4043 
GMP4083 
GMP4103 
GMP4117 
GMP4117 
GMP4130 
GMP4130 
GMP4130 
GMP4156 
GMP4200 
GMP4200 
GMP4206 
GMP4209 
GMP4230 
GMP4230 
GMP4230 
GMP4235 
GMP4255 
GMP4308 
GMP4308 



M02 

M02 

J99 

M02 

NFPS 

M02 

M02 

NFPS 

NFPS 

M02 

MOO 

M02 

NFPS 

M02 

NFPS 

J99 

M02 

NFPS 

J99 

NFPS 

M02 

M02 

M02 

M02 

NFPS 

J99 

M02 

NFPS 

M02 

M02 

NFPS 

J99 

M02 

J99 

M02 

NFPS 

M02 

M02 

J99 

NFPS 



E/SO 
E 
SO 
SO 

so 
so 

E 

E/SO 

SO/a 

SO 

E 

E 

SO 

SO 

SO 

SO 

SO 

SO/a 

SO 

SO 

SO 

SAO 

SO/a 

E/SO 

E/SO 

SO/a 

SO/a 

SO/a 

SOp 

SO 

SO 

SO 

E 

E 

E 

E 

SO 

SO 

SO 

SO 



1.685 ±0.045 
2.001 ±0.017 
2.136 ±0.026 
2.168 ±0.021 
2.125 ±0.011 
1.806 ±0.052 
2.227 ± 0.006 
2.236 ±0.012 
2.105 ±0.019 
1.947 ±0.020 
2.184 ±0.024 
2.201 ±0.006 
2.189 ±0.009 
2.080 ±0.016 
2.094 ±0.011 
2.327 ±0.027 
2.300 ± 0.006 
2.271 ±0.008 
2.263 ±0.021 
2.259 ± 0.009 
1.775 ± 0.045 
1.739 ± 0.045 
1.678 ±0.056 
2.015 ±0.019 
1.982 ±0.020 
2.262 ±0.023 
2.227 ±0.005 
2.243 ±0.012 
2.149 ±0.014 
2.080 ± 0.008 
2.060 ±0.015 
2.068 ± 0.024 
2.114 ±0.017 
2.242 ±0.022 
2.279 ±0.011 
2.283 ±0.007 
1.856 ±0.041 
1.744 ±0.090 
1.973 ±0.034 
1.998 ±0.035 



3.44 ±0.51 
1.64 ±0.22 
2.10 ±0.25 
2.00 ±0.11 
1.63 ±0.09 
2.33 ±0.22 

1.53 ±0.10 
1.38 ±0.10 
1.60 ±0.16 
1.96 ±0.16 
1.30 ±0.20 
1.60 ±0.08 
1.63 ±0.07 

1.92 ±0.14 

1.90 ±0.09 

1.57 ±0.25 

1.93 ±0.11 
1.70 ±0.07 
2.24 ±0.77 

1.30 ±0.08 
1.96 ±0.18 

1.94 ±0.27 

1.54 ±0.39 

1.96 ±0.14 
1.78 ±0.16 

1.97 ±0.23 

1.58 ±0.08 
1.53 ±0.10 
2.49 ± 0.08 
1.88 ±0.19 
1.51 ±0.15 

1.91 ±0.23 
1.67 ±0.22 
2.10 ±0.25 
1.63 ±0.09 
1.46 ±0.06 
1.53 ±0.22 

5.31 ±0.22 

1.92 ±0.30 
1.56 ±0.29 



3.26 ± 0.45 

3.78 ±0.19 
4.11 ±0.27 
4.43 ±0.11 
3.85 ±0.09 
3.38 ±0.14 

4.51 ±0.11 
4.02 ±0.11 
3.41 ±0.15 

3.74 ±0.13 
4.18 ±0.21 
4.38 ±0.11 

3.80 ±0.08 

3.81 ±0.11 
3.36 ±0.10 
4.18 ±0.26 

4.52 ±0.12 
3.97 ±0.08 

3.79 ±0.83 
4.20 ±0.08 
3.02 ±0.15 
2.52 ±0.22 

2.28 ±0.31 
3.91 ±0.11 

3.29 ±0.17 
4.71 ±0.24 
4.07 ±0.10 
4.01 ±0.10 
2.95 ±0.11 
4.34 ±0.15 
3.57 ±0.13 
4.26 ±0.24 
3.89 ±0.11 
4.34 ±0.26 
4.83 ±0.11 
4.34 ±0.07 
3.41 ±0.17 
2.18 ±0.11 
3.69 ±0.32 

2.75 ±0.29 



3.15 ±0.52 

3.22 ± 0.22 
3.04 ±0.34 
2.82 ± 0.10 
2.43 ± 0.10 

2.69 ± 0.18 

2.60 ±0.10 

2.72 ± 0.12 

2.23 ± 0.16 
3.02 ± 0.15 
2.29 ± 0.23 

2.61 ± 0.09 

2.38 ± 0.09 
2.92 ± 0.13 

2.39 ± 0.11 

2.57 ±0.34 
2.89 ± 0.12 

2.50 ±0.09 
2.46 ± 1.06 

2.58 ± 0.09 
2.58 ± 0.19 

2.51 ± 0.25 

2.62 ± 0.34 
2.66 ±0.14 
2.23 ± 0.17 

3.10 ±0.31 

3.11 ± 0.09 
2.86 ± 0.12 

2.73 ± 0.09 
2.19 ± 0.18 
2.32 ± 0.14 

2.70 ± 0.03 
2.43 ± 0.12 
2.91 ± 0.34 
2.82 ± 0.09 
2.62 ± 0.08 
1.99 ± 0.20 
1.85 ± 0.14 
2.81 ± 0.41 
2.02 ±0.28 



0.00 ± 0.00 
2.78 ±0.26 
2.92 ±0.34 
2.72 ±0.13 
2.27 ±0.11 
2.05 ±0.22 
2.48 ±0.14 
2.54 ±0.13 
2.08 ±0.18 
2.85 ±0.20 
1.58 ±0.26 
2.47 ±0.12 

2.33 ±0.10 
2.62 ±0.17 
2.40 ±0.12 
2.38 ±0.34 
2.58 ±0.17 

2.34 ±0.10 

2.25 ± 1.06 

2.26 ±0.11 
2.60 ±0.23 
2.11 ±0.27 

2.58 ±0.35 
2.51 ±0.18 
2.36 ±0.18 
2.98 ±0.31 
2.82 ±0.13 
2.54 ±0.13 
2.04 ±0.12 
2.20 ±0.23 
2.31 ±0.15 
2.53 ±0.03 

2.59 ±0.17 
2.77 ±0.34 
2.59 ±0.13 
2.38 ±0.10 
1.88 ±0.24 
2.03 ±0.19 
2.65 ±0.41 
1.95 ±0.28 



-0.14 



0.55^ 
1.12 



1.06 
1.05 



+0.20 

-0.75 

1 07+ - 29 

± - u ' -0.37 

32+ - 75 
U - dZ -0.17 

41+ 011 

1 05+ 014 
1 - UO -0.14 

K +0.27 
0.28 
+0.16 
-0.20 

1 24+ ' 10 
1 - z ^-0.05 

1 20+ - 14 

-, o 7 +0.07 
-0.05 
K+0.14 
-0.16 
+0.13 
-0.14 

0.80±°; 3 1 

-I 17 +0.23 

-0.75 

M+°- 17 
U - Oi -0.22 

89+ 13 

u - oa -0.07 
U -^ 4 -0.75 

1 so +0 - 04 

1 - JU -0.02 

Q2+ - 16 
u ' 3 -0.23 

1 04+ 046 
1 - u ^-0.37 

i -+°-0.75 
a +0.27 
0.27 
+0.23 
0.51 

29+ - 75 
u - zy -0.20 

1 ns+o- 11 

1 06+ - 19 
1 - UD -0.07 

47+0- 11 
u -^'-0.07 
n tc+0.33 
°- 76 -0.48 
,+0.13 



0.86 
-0.02" 



0.69^ 
1.00 



1 22~* 
x - z -0.07 

59+ - 11 
u - oy -0.13 

1 05+ 028 
i - UO -0.57 

u - za -0.22 

°- 83 -0'l7 
a +0.11 



1.08" 1 



o.or> 



1.39" 1 



3 +0.14 
-0.14 
1 ?C ;+0.75 
L - '°-0.75 

0-80to55 

5+0.16 



0.03: 

0.01 
0.04 



+0.14 
-0.05 
hO.17 
-0.23 
n ko+0.28 
u - oo -0 .28 

51+0- 11 
u - oi _0.10 
,+0.08 
0.07 
+0.16 
-0.10 
+0.08 
-0.08 
03+ - 08 

-0 22+ - 11 
u - zz -o.io 

21+ - 17 
u - zl -0.20 

-0 40+0- 14 

u - 4U -o.io 

,,+0.08 
-0.08 
+0.07 
-0.07 

o-i3±g:i2 

0.08t°;;i 

-0.08l°; 2 » 

46+ - 13 
u -*°-o.ii 

17+0- 07 

-0.04 

20+0- 75 
u - zu -0.75 

-0 03+ - 07 
u - uo -0.04 
7+0.14 
-0.11 

-0.49+ 023 



0.04 
0.02 



-0.22 H 



-1.00 
0.15 
-0.09 



0.55 
+0.75 
0.17 
+0.16 
0.16 
+0.19 
0.17 
,+0.37 



TV 
u - lo -0.27 

05+ - 07 

14+0- 07 
u ' 14 -0.08 

-0 06+ - 07 
u - UD -0.02 
,+0.22 
-0.22 
-+0.10 
-0.13 



0.13: 

-0.15"* 



1.38: 



0.19 



29+ - 10 
u - za -0.07 

-o io +0 - 22 

u - lu -0.19 

^7+°- 28 
U -°'-0.31 

30+ 08 
u - ciu -0.08 

16+ 005 
u - 1D -0.04 

-0 fiS+0- 31 
u - D,; '-0.39 
5+0.04 
-0.04 
7+0.75 
-0.33 
+0.40 
0.43 



0.58 
0.07 
-0.61 



Table B3 - continued 



Galaxy 


Sample 


Type 




log cr 




H/3 




Mg6 






Fc5270 




Fc5335 




logt 


[Z/H] 


GMP4313 


J99 


SO 


2 


128 ± 0.026 


1. 


.80 ± 0. 


25 


4.29 ±0. 


26 


2 


.88 ±0.33 


2 


.73 ± 0.33 





R o+0.52 
Oo_0 43 


0.27t°-» 


GMP4313 


M02 


SO 


2 


.103 ± 0.011 


2 


.08 ± 0. 


16 


4.10 ±0. 


13 


2 


,55 ±0.16 


2 


.68 ± 0.22 





41 +o:ot 

23 


0.37+°J? 


GMP4313 


NFPS 


Sa 


2 


.101 ± 0.017 


1 


.93 ± 0. 


14 


3.71 ±0. 


15 


2 


,86 ±0.16 


2 


,32 ± 0.18 


0, 


65+° f 4 


0.25+°" 


GMP4315 


MOO 


E/SO 


2 


266 ± 0.023 


1 


.49 ± 0. 


16 


4.31 ±0. 


17 


2 


.59 ±0.20 


2 


,39 ± 0.22 


1 


9q +0.14 
14 


-0.08+° : £ 


GMP4315 


M02 


E/SO 


2. 


.278 ± 0.006 


1 


.63 ± 0. 


10 


4.40 ± 0. 


08 


2 


,77 ±0.09 


2 


.57 ±0.17 


0, 


99 +o:i6 

— 13 


0.12±° : J° 


GMP4315 


NFPS 


SO 


2 


.263 ± 0.008 


1 


.34 ± 0. 


07 


3.87 ±0. 


08 


2 


,50 ±0.09 


2 


.37 ±0.11 


1 


o-,+o:o4 

02 


-0.13+° ° l 


GMP4341 


M02 


E 


1 


.866 ± 0.032 


2 


.18 ±0. 


16 


2.81 ±0. 


12 


2 


,45 ±0.15 


2 


.20 ±0.20 


0, 


70 +o:i9 

' —0 07 




GMP4379 


J99 


SO 


2 


.267 ±0.016 


1 


.74 ±0. 


14 


4.24 ±0. 


15 


2 


,84 ±0.18 


2 


.69 ± 0.18 


0, 


oc+0:23 
ot>_0 36 


0-18l° : J 4 4 


GMP4379 


M02 


SO 


2. 


.277 ±0.010 


1 


.95 ± 0. 


09 


4.36 ±0. 


07 


2 


,75 ±0.09 


2 


.86 ± 0.17 


0, 


A6+° f 7 


0.48+° : J° 


GMP4379 


NFPS 


SO 


2. 


.279 ± 0.009 


1 


.76 ± 0. 


.08 


3.74 ±0. 


09 


2 


.79 ±0.10 


2 


,43 ± 0.12 


0, 


85+° { 6 7 


0.17+n« 


GMP4391 


J99 


SO 


1 


.968 ± 0.027 


2 


.25 ± 0. 


17 


3.50 ±0. 


19 


2 


,65 ±0.24 


2 


,47 ±0.24 





45+0.25 
20 


0.16+°,^ 


GMP4391 


M02 


SO 


1 


.907 ± 0.028 


2 


.32 ± 0. 


16 


3.61 ±0. 


13 


2 


,68 ±0.16 


2 


,99 ± 0.21 





9 c: + 0:05 
10 


0.45+°,f 9 


GMP4420 


M02 


E 


1 


.775 ± 0.087 


2 


.18 ± 0. 


23 


3.05 ±0. 


14 


2 


.00 ±0.18 


2 


.21 ± 0.20 





70 +o:3i 

' —0 22 


-0-21+^3 


GMP4447 


M02 


E 


1 


.800 ± 0.059 


1 


.93 ± 0. 


.50 


3.68 ±0. 


19 


2 


,36 ±0.22 


2 


,40 ±0.25 





7n +0>5 
75 


0-04+° : ^ 


GMP4499 


J99 


SO 


2. 


.217 ±0.026 


1 


.82 ± 0. 


25 


4.49 ± 0. 


26 


3 


,02 ±0.33 


2 


,89 ± 0.33 


0, 


ro+0:48 
40 


0.45+° : £ 


GMP4499 


NFPS 


SO 


2 


.216 ±0.010 


1 


.51 ± 0. 


08 


4.08 ±0, 


09 


2 


,43 ±0.10 


2 


,28 ± 0.12 


1 


14 +o:n 

— 10 


o.o4+n 7 


GMP4519 


NFPS 


so 


1 


.852 ± 0.032 


1 


.59 ± 0. 


28 


3.19 ±0, 


25 


2 


.74 ±0.26 


2 


,02 ± 0.28 


1 


9 o+0il9 
— 20 


-0.26±° : £ 


GMP4626 


J99 


SO/E 


2 


.090 ± 0.044 


1 


.38 ± 0. 


.45 


4.83 ±0, 


46 


2 


,85 ±0.59 


2 


,70 ± 0.59 


1 


1fi +o:33 

75 


0.15+° : ™ 


GMP4626 


M02 


SO/E 


2 


.058 ± 0.012 


1 


.71 ±0. 


13 


4.21 ±0, 


11 


2 


,69 ±0.13 


2 


,49 ± 0.18 





96 +o:2B 




GMP4648 


M02 


E 


2 


.160 ±0.011 


1 


.72 ± 0. 


17 


4.20 ±0, 


11 


2 


.78 ±0.12 


2 


,87 ±0.16 


0. 


o n +0:27 


°- 20+ 0?3 


GMP4653 


J99 


SO 


2 


195 ± 0.021 


1 


.93 ± 0. 


21 


4.83 ±0, 


22 


2 


.91 ±0.28 


2 


.77 ±0.28 


0, 


q A +0:36 
16 


0.67+° : *| 


GMP4653 


NFPS 


SO 


2 


.174 ±0.011 


1 


.70 ± 0. 


09 


3.58 ±0, 


10 


2 


,56 ±0.11 


2 


,52 ± 0.12 


0. 


g7 +o:i4 

Oil 


0.05+° : °g 


GMP4656 


M02 


E 


1 


614 ±0.115 


1 


.59 ± 0. 


32 


3.41 ±0, 


27 


1 


.67 ±0.30 


1 


,83 ± 0.31 


1 


43+0:11 

/±o _0 75 


-0.74l° : f 3 


GMP4664 


J99 


SO 


2 


.140 ±0.025 


2 


.27 ± 0. 


.24 


3.91 ±0, 


25 


3 


,07 ±0.31 


2 


,95 ± 0.31 





26 +o:i7 

22 


0.58+°f 7 


GMP4664 


M02 


SO 


2 


.134 ±0.016 


1 


.72 ± 0. 


.12 


4.16 ±0, 


11 


2 


.69 ±0.10 


2 


.42 ± 0.13 





99 +o:i7 

13 


0.03+° : i° 


GMP4664 


NFPS 


SO 


2 


.123 ± 0.017 


1 


.73 ± 0. 


14 


3.38 ±0, 


14 


2 


,20 ±0.15 


1 


,98 ± 0.16 


1 


07+ 0S 


-0.17+° \° 


GMP4666 


M02 


SO 


1 


775 ± 0.068 


2 


.21 ± 0. 


22 


2.89 ±0, 


19 


3 


15 ±0.22 


2 


,38 ± 0.25 


0. 




-o.o7+;; :< ^ - 


GMP4679 


J99 


SO 


1 


852 ± 0.032 


2 


.64 ± 0. 


27 


3.28 ±0, 


29 


2 


,38 ±0.37 


2 


16 ± 0.37 


0. 


oe+0.19 
z °—0 75 


1 5+ ' 75 

— 28 


GMP4679 


MOO 


SO 


1 


905 ± 0.047 


2 


.37 ±0. 


24 


3.40 ± 0, 


26 


2 


.46 ±0.28 


2 


,66 ± 0.31 


0. 


nn+0'A2 
au -0.16 


0.23±°;£ 


GMP4679 


M02 


SO 


1 


.901 ± 0.032 


1 


.52 ± 0. 


17 


2.95 ±0, 


12 


2 


,99 ±0.15 


2 


.31 ± 0.20 


1 


~ ^ -Ml 14 
Ji -0.07 


„ _ „-i~n 1 7 


GMP4679 


NFPS 


so 


1 


.797 ± 0.031 


2 


.12 ± 0. 


.24 


2.60 ±0, 


24 


2 


,12 ±0.23 


2 


,34 ±0.25 





79 +0.36 
' ' -0.42 


-0 1S+ 010 


GMP4792 


J99 


so 


2 


.175 ±0.034 


1 


.98 ± 0. 


.29 


4.72 ±0, 


31 


2 


,70 ±0.40 


2 


.53 ± 0.40 





no + 0.75 

*°-0.75 


56+ - 49 


GMP4792 


SB06 


so 


2 


.257 ±0.012 


1 


.50 ±0. 


13 


4.38 ±0, 


26 


2 


.88 ±0.17 


2 


.94 ±0.17 


1 


06 +0.23 


14+ - 13 


GMP4794 


SB06 


E/SO 


2 


.366 ± 0.006 


1 


.45 ± 0. 


10 


4.81 ±0, 


23 


3 


.35 ±0.14 


3 


15 ± 0.17 


1 


01 +0.16 
ul -0.14 


34+ 13 


GMP4794 


J99 


so 


2 


272 ± 0.029 


1 


.60 ±0. 


24 


4.77 ±0, 


27 


2 


,82 ±0.34 


2 


,67 ± 0.34 


0. 


O7+0.48 
S '-0.57 


0.281°;^ 


GMP4806 


J99 


E 


2 


.304 ±0.019 


1 


,84 ± 0. 


17 


4.42 ± 0, 


18 


3 


,21 ±0.23 


3 


,12 ± 0.23 





rra+0.19 
,J -0.28 


5S+ - 19 


GMP4822 


J99 


E 


2 


.412 ± 0.017 


1 


,65 ± 0. 


14 


4.98 ±0, 


14 


2 


,87 ±0.18 


2 


,72 ± 0.18 


0, 


RO+0.28 
ua -0.20 


43+0-16 


GMP4822 


MOO 


E 


2 


.425 ± 0.023 


1 


,58 ± 0, 


22 


4.67 ±0, 


.24 


2 


,91 ±0.26 


3 


,03 ± 0.29 





or+0.45 
°°-0.40 


32+ - 34 
u - ,3z -0.23 


GMP4829 


MOO 


E/SO 


2 


.386 ± 0.015 


1 


,64 ± 0, 


15 


4.90 ±0, 


17 


2 


.98 ±0.17 


2 


,82 ± 0.18 


0, 


79+0.33 
' -0.23 


42+ - 16 


GMP4866 


J99 


SO 


2 


081 ± 0.029 


2 


,03 ± 0, 


21 


4.19 ±0, 


22 


3 


,00 ±0.28 


2 


,87 ± 0.28 





40 +0.27 
* u -0.22 


40+0.20 



Table B3 - continued 



Galaxy 


Sample 


Type 




logo- 




H/3 


Mgf> 




Fc5270 




Fc5335 




logt 


\j iv± t: ^tyu / 


TOO 


ou 


2 


zuz m u.uou 




A^ + 9^ 


A AA -1-0 9^ 


2 


OU HZ U.JO 


2 


uu u.oo 




28+° 


GMP4928 


J99 


E/SO 


2 


406 ± 0.017 


1 


36 ± 0.24 


4.74 ± 0.25 


2 


68 ± 0.31 


2 


51 ± 0.31 


1 


24+" 


GMP4928 


MOO 


cD 


2 


447 ±0.031 


1 


41 ± 0.25 


4.94 ±0.27 


2 


85 ±0.31 


2 


70 ±0.35 


1 


071° 


GMP4928 


SB06 


cD 


2 


523 ± 0.020 


1 


52 ± 0.15 


5.04 ±0.28 


3 


28 ±0.24 


3 


59 ± 0.30 





661° 


GMP4943 


SB06 


SO 


2 


019 ± 0.078 


1 


34 ± 0.28 


3.61 ±0.37 


2 


84 ± 0.34 


2 


70 ± 0.38 


1 


34±° 


GMP4945 


M02 


E 


1 


766 ± 0.048 


3 


18 ± 0.26 


2.32 ±0.12 


2 


38 ±0.15 


2 


48 ± 0.20 





17±g 


GMP5279 


MOO 


E 


2 


428 ± 0.015 


1 


53 ± 0.16 


4.88 ±0.18 


2 


91 ±0.21 


2 


69 ± 0.23 





931° 


GMP5568 


MOO 


SO 


2 


400 ± 0.016 


1 


62 ± 0.20 


5.00 ±0.23 


2 


87 ±0.26 


2 


76 ± 0.29 





74+0 


GMP5975 


MOO 


E 


2 


293 ± 0.017 


1 


80 ±0.19 


4.36 ±0.20 


2 


86 ±0.23 


2 


72 ± 0.26 





67+° 

"1-0 


IC0832 


SB06 


E 


2 


244 ± 0.008 


1 


72 ± 0.10 


3.85 ±0.24 


2 


67 ±0.14 


2 


46 ± 0.14 


1 


04+.° 


IC3618 


SB06 


E 


2 


278 ± 0.007 


1 


29 ± 0.08 


4.79 ±0.23 


2 


81 ±0.14 


2 


46 ± 0.14 


1 


29+.° 


NGC4673 


SB06 


E 


2 


372 ± 0.004 


1 


87 ± 0.05 


4.14 ±0.21 


2 


94 ±0.10 


2 


77 ±0.10 





64+J5 


NGC4692 


SB06 


E 


2 


368 ± 0.007 


1 


52 ± 0.10 


4.68 ± 0.23 


3 


18 ± 0.14 


3 


18 ± 0.14 





90+.° 



[Z/H] 



+0.17 
0.17 
+0.22 
-0.17 

21+ - 22 
U - Zi -0.25 

U.DO_ Q 23 

_n QQ+0.29 

u '°°-0.16 

06+ - 75 

2+0.14 
-0.14 
041 +0.22 
n 9O+0-23 
U - Z9 -0.16 
-0 07+ ' 11 

02+ - 10 
n 90+0.10 
°- 28 -o.io 

n qt -+0.11 
0.35I„ ,0 



-0.17 
0.05 



0.28~* 



